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Techniques were developed (Chapter 1) for the accurate placement of laser-
induced lesions of specified sizes (175-1100 ;m) in the macular area of the
rhesus retina. Such lesions were i nduced in the retinae of trained primates so
that the recovery of visual acuity following laser insult could he monitored .
The experiments indicated apparent recovery of visual acuity (Landol t “C”) to
the 20/20 level within 75 to 110 days for subjects exhibiting retinal lesions
smaller than “~20O ~Im diameter. For lesion sizes between 250 and 750 :m,acuities
of 20/40 and 20/50 were measured within the same time frame . Only those subject~with lesions greater than ~9OO lim failed to show acuities of 20/100 or better
within 110 days . Whether these resul ts are indicative of true recovery of
vi sua l acuity or due to a learned response wh i ch compensates for the central
scotomas rema i ns to be determined.

The theoretical basi s for certain experimental retinal threshold data
indicative of photochemical damage mechanisms is examined in Chapter 2. It is
s hown th a t it i s possi b le to ex p lain the de pendence of ret i nal threshol d on
inter pulse sepa ration for fixed configurations of i dentical pulses in terms of
a sequence of co nsecu t ive , i rreversi ble fi rst-order rate processes. Alternative y
the ex perimen tal da ta can al so be ex p laine d by a mo del base d upon compet i ng
first-or der ra te processe s of dif ferent s pecies . In eit her ca se , the correlati o
of the hypothes i ze d rate p rocesses with in viv o retina l pho tochemi cal p rocesses
has yet to be establ ishe d .

A series of in viyo retinal probe experiments wa: conducted in an attempt
to validate a therma l mode l of laser induced retinal injury . Progress in the
develo pment of sur g ical techn iq ues and of the ex per im ental appara tus require d to
carry out therma l and optica l probe experiments is presented in Chapter 3.

An attempt to elucidate the appa rent photoche mi cal nature of retinal
damage produced by repetitive visible pulses and short visible wavelengths is

J 
described in Chapter 4. The effect of laser radiation on retinal lipids was
examined under conditions thought to be optimum for the i nduction of retinal
lesions by photochemi cal processes while minimizing the possibility of involve-
ment of therma l processes . Preliminary experiments did not ~ndicate any obvious
effects of such laser irradiations on the retina l li pids.

Chapter 5 describes comparative light and electron microscopy of a series
of retina l lesions induced by mode-locked visible laser pulses. Tissue pre-
paration and sectioning techniques developed for obtaining alternate thick and
thin sections for lig h t and electron microscopy , respectively are discussed .
The electron microscopy revealed in greater detail morphology observed at the
l ight microscopy level.

Ocular effects of ul traviolet laser rad iation are di scusse d in Pa rt II of
this report (Chapters 6 through 10). Following a short introduction (Chapter 6)
corneal dama ge i nduced by near-~UV laser radiation is examined in detail in
Cha pter 7. Cornea l epithelial damage thres holds in the  rhesus eye are reported

( for ex posures to krypton , argon an d nitrogen lase r ra d ia t ion . The results for
pulsew i dths ranging from 250 i sec to lO~ sec are consistent wi th a photochemical
damage mechanism. Ocular hazards of near-UV lasers are discussed in terms of
existin g safety standards for laser radiation (see also Chapters 9 and 10).

Additional experimental evidence regardin g the photochem ical nature of
nea r-UV induced corneal damage is discussed in Chapter 8 where an oxygen depen-
dence of the damage threshold is reported . A factor of two increase in corneal
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threshold was found for eyes flushed with nitrogen gas prior to exposure corn-
pared to those fl ushed with oxygen under si m ilar conditions. The observed
oxygen effect and the mag n i t u de of the th reshol d dose requ i re d to induce  co rneal
les ions are consistent with observations of near-UV effects on bacterial cell
cul tures .

Yet another aspect of the nature of near-UV induced corneal damage is
presented in Chaptc’l’ 9 where determination of an action spectrum for the near-UV
wavelength range is reported. The corneal threshold increases monotoni cally
w it h wavelen gth throughout the near-UV range but exhi b its a p ronounced shoul der
in the 340-350 nni reg ion . Again , th is behavior is consistent wi th studies of
effects of near-UV radiation on bacterial cells. However , the ac t ion  sp ectrum
reported in Chapter 9 as well as the results of Chapters 7 and 8 are unique in
that they exami ne the nature of near- IJV induced photochemical processes in
ma rmi alian cells in s i t u  as opposed to most earl i er studies which have examined
bacter i al cel l  c u l t u r e s  or , in a few cases , maniiialian cells suspended in various
buffer media.

Len ticular effects of near-UV laser radiation are discussed briefly in
Chapter 10. Induction of lenticular opacities which appear to represent a
permanent form of damage are described for instances where the lenticular
th resho lds  are l ower than  the  cornea l th resholds  for i den t ica l  exposure para-
meters . The lenticular thresholds appeared to be consistent with a therma l
dama ge mechanism .

Part III of this report (Chapters 11 and 12) discusses the development
of neu rophys io l o g ica l and physio~ogica1 optics p roce dures for eva lua ting the
spat ial visual system ’ s response to transient changes in adaptation resulting
from high i ntensity laser radiation . Chapter 11 describes a preliminary set
o f ex periments des ig ned to anal yze pa ttern i nformation and extract res ponse
features from a varie ty of visual system perturbat ions . Cha pter 12 presents
an assessmen t of the wavelength dependence of focus in the rhesus eye. A
sensitive method for in vivo eva l uation of chromatic images was devised and
us ed to ob tain da ta for the rhesus eye . The results we re found to be in close
agreement with data obtained under similar conditions for the human eye.

I
I

H ~

‘

S F C U P I 1 V  C L A ’ , I L  A ’ L N  c)~ T , , I  , I ’ I I ’ . .  t’~~*e I

N



ACKNOWLEDGEMENTS

John S. Conno lly, Ph.D., was Resear ch Director for Contract F41609-73-r -
0017 during the period covered by this repo rt and supervised research
activi ties for the contrict. His advice and guidance as wel l as speci fi c
contr ’ibutions to the ma terial presented in Part I of the report are acknow-
ledged.

Technical support in the form of animal preparation and handling ,
experimental setup, laser  beam d ia gnost ics , photography and anima l surgery
was provid ed by Mr . John E . “cGlothan and Mr. Gregory L. Sweeney . Additional
an ima l surgery as wel l as histopatholog ic support for all projects was
provided by Mr. William H. Bowie. Mr. Ronald F. Lemberger designed and
fabricated electronic components and assisted with prograiiining and data
analys is for several projects .

A total of seven visit ing scientists participated in the contract
effcrt during the summers of 1975 and 1976 under the auspices of the
Na tional Science Foundation Facul ty Research Participation Program. In
addition to those pa rticipants designated as co-authors of chapters of
th i s re por t, the efforts of the following researchers are acknowledged:
Drs. Fred M. Loxsom , JaTes R . Craw ford and Michael K. Garrity (In Vivo
Reg i nal Probe Exper iments , summer 1975) and Dr. Bill S. Yamanashi
(Lenticular Effects , summer 1976).

In addition to the Laser Effects Branch , Radiobiology Div i sion , USAF
School of Aeros pace Me d ici ne , which supported this research , ass i s tance
was rendered by numerous personnel in the Radiation Biology , Rad ia tion
Phys ics and Weapons Effects Branches of the Radiobio logy Division , as
well as personnel of the Biometrics , Clin ical Sciences , Epidemiology ,
Support Services and Veterinary Sciences Div isions .

I
I

I



TABLE O~~CONTENTS~

PAGE

PART I ~~0CULAR EFFECTS OF VISIBLE AND NEAR-INFRARED LASER RADIAT IONJ- ~L-~~ 
)

~ 1. “—1J.ARGE RETINAL LESIONS
A. In troduction 1— 1
B. Model Calculations 1-2
C . A pparatus 1-5
D. Ray-Trace Calculations 1-11
E. Results _ 1-12

E-l. Retinal Image Sizes 1-12
E—2. Retinal Laser Exposures 1—12
E-3. Retinal Lesions —‘ 1-12

References , l l 7

~~~~~~~~~~~~~~~~~~~~~ RETINAL ,~H0T0CHEMISTRY ,,, — 2-1
A . introduction 2-1
B. Empirical Model 2-3
C. Comparative Effects of Repetitive Laser Pulses : 2-17

1064 vs. 514.5 nm
References 2 -26

~..___4.~—__- o JN VIVO RETINAL PROBE EXPERIMENTS —
~~. 3-1

A. Back ground 3-1
B. Methods 3-2

B—l . Apparatus 3-2
8-2. Microthern iocouple Calibrations 3-5
B-3. Surgical Techniques 3-6
B-4. Ex perimental Procedures 3-8

C. Ray -Tracing Applicaticns and Beam Deflector Design 3-10
C-l. Description of Computer Softwa re 3-10
C-2. Beam Deflector Design - 3-11

D. Results - 3-12
References 3-21

— . EFFECTS OF j,.ASER ~,AD1AT ION ON RETINAL LIPIDS , ~

A. IntrOducticTh - 
_ 

4-1
B . Methods 4 3

B-i. Laser Exposures 4-3
B-2. Removal of Retinal Tissue Samples 4-8
B—3. Preparation of Tissue Lipids for Gas 4-8

Chromatography
B-4. Gas Chromatography 4-9

C. Results and Discussion 4-10
References 4-16

ii

I
— ... r’ .- _~L?’ - - - ‘_ - — - _ 

~~~~~~0 -~~ - _ -a— .—. _ -**.r-._._~_ 
~ ---‘--.—“ —_ 

-
. .1



TABLE OF CONTENTS (continued) PAGE

5. YQCULAR }IISTOPATHOLOGY AND ELECTRON MICROSCOPY ~ ~~~~~~~~ 5-1
A . introduction - — 5-1
B. Preliminary Electron Microscopy ‘ 5-2

B-l. Previously Prepared Tissues 5-2
8-2. Comparative Light and Electron Microscopy 5-4

C. Light Mi crosco py 5-6
D. Electron Microscopy 5-9
E . Conclusions ) 5-il
References — 5-18

PART II ~~ CULAR EFFECTS OF ULTRAVIOLET LASER RADIAthJN~~~ ~~

-
~~~~~ G. Mel(GROUftD: ~~~~ 6-1

References 
/ 

6-4

.~.-+.-—---~,çORNEAL DAMAGE INDUCED BY NEAR-~j LASER RADIATION 7-1
A. Eâ~riy Ex~erirnents - — - _ - 7-1
B. Experimenta l Methods / 7-2
C. Results _

—‘ 7—1 1
0. Discussion -

~~~~~~ 7-17
References — 7-23

~~~~~~ &~
— -  OXYGEN DEPENDENCE OF ~~AR-U~ I N D U C E D  CORNEAL DAMAGE 8- 1

A . Introduction - - -- - ‘ 1 8-1
B. Experimental Methods 1

’ 8-2
C . Results and Discussion ~~~~—

‘ 8-4
References — —“ 8-7

.-~~~~~~~~~~~~
—‘- ‘ ACTION SPECTRUM FOR NEAR-UV INDUCED CORNEAL DAMAGE ~

. ,~ 
- . - ., 9-1

A . lntroduction -— 
‘ 9-1

B. Experimental Methods - .— 9-1
C. Results and Discussion 9-3
References 9-13

~~~~‘tU~~• LENT ICULAR EFFECTS OF NEAR-~ / LASER RADIAT ION -
~~ 10-1

References - ~‘ ) 
~ 10-9

— PART III~”~~NEUROPHYSIOL0GY AND PHYSIOLOGICAL OPTICS/--— ~~
—-- -—

-..
~

‘~-..~ 44-- > VIS UAL EVOKED RESPONSE C~~*~ — — — — —

~~ 11- 1
r - 

A. -background ~b 11-1
B. Method 11-3
C . Results and Discussion 11-5
References 11 -8
A ppendix 11-A Counterphase Grating Stimulator li—A-i

1*
iii

_ _ _ _ _ _ _ _ _



TABLE OF CONTENTS (continued ) PAGE

T~ ’t2~ YHYSIOLOGICAL .aPTICS ~ 12-1
I nt r o d u~t ion ~\ .  12-1

B. Apparatus 12 -2
C. Experimenta l Procedures 12 -2
D. Results 12—5
References  12 -9

— 
Appendix 12-A l2-A-l

iv

_____ 
-4



LIST OF FIGURES

FIGURE PA GE

1-1 Observed Retinal Lesion Developm ent as a Function 1-3
o f Retinal Ene rgy Dose for Var i ous Ret i nal Ima ge
Sizes.

1-2 Summa ry of IITR I Model Calcu lations. 1-8

1-3 Block Diagram of Experime ntal Apparatus for 1-9
In ducing Large Retinal Lesions.

1-4 Schematic Diagram of Opt ical System for Large 1-1 0
Retinal Image Sizes.

1-5 Ordinary Fundus Photograph and Fluorescein Angiogram 1- 15
of Subject 572 (05 ) Taken at Two Hours Post—exposure .

Or di nar y Fun dus Photo gra~ih and Fluorescein Angiograni 1-16
Taken at 75 Days Post-exposure .

2-1 Retina l Threshold vs. Pulse Separation for Fixed 2-2
Numbers of Repetiti ve 10 psec , 514.5 nrn Laser Pulses.

2-2 Relative Retinal Sensitivity vs. Pulse Separation for 2-5
Double 10 risec , 514.5 nm Laser Pulses .

2-3 Empirical Fit of Relativ e Retina l Sensitivity as a 2-7
Function of Pulse Separation.

2-4 Semi-empirical Fit of Threshold vs. Pulse Separation ~- 1lfor Multiple 10 psec , 514.5 nm Lacer Pulses.

2- 5 Sem i -em pi r i cal Fi t of Th reshol d vs . Pulse Separation /-14
for Multiple 10 ~sec , 514.5 nm Laser Pulse.

2-6 Least Squares Analysis of 
~ =~

/ [~7TS~- 1yr vs. 
2-15

Pulse Separation .

2-7 Semi-empirical Fit of Relative Retinal Sensitivity 2-18
vs. Pulse Separation for Double 10 ~sec , 514.5 nmLaser Pulses.

2-8 Semi-empirical Fit of Threshold vs. Pulse Separation 2 -19
for Double 10 r isec , 514.5 nm Laser Pulses.

2-9 Semi-empirical Fit of Threshold vs. Pulse Separation 2-20
for Multiple 10 ~sec , 514.5 nm Laser Pulses.

V

_ _ _ _- 
_
~~~ 

_ - _

- 
—_ -  --~~ - . - ——- -~ _-— ‘ •--

~~~~
__ . -_---T- —

~
~-



LIST OF FIGURES (continued )

FIGURE PA GE

2-10 Retin al Threshold vs . Pulse Separation for Fixed 2-22
Numbers of Q-swi tched Nd:YAG Laser Pulses .

3-1 Block Diagram of Experimental System for In Vivo 3 3
Retinal Probe Measurements.

3-2 Static Thermocouple Calibration. 3-7

3-3 Predicted Responses to Beam Deflector in Average Eye . 3-13

3-4 Schematic Diagram of Experiment al Apparatus . 314

3-5 Results of Three Sequential Scans of Laser-Induced 3-15
* Re ti r al Tempera ture Increase .

3-6 Oscilloscope Trace of Laser -Induced Retinal 3 l 7
Temperature Increase Near Center of Retin al Image .

3-7 Dependence of Peak Retinal Temperature Increase with 3 ’1 9
Pulsewidth at Various Corneal Powers.

3-8 Representative In Vivo Optical Scan Data of Rhesus
Re t ina .

4- 1 Diagram of Retinal Exposures.

4-2 Fundus Photographs of Presumed Photochemical Lesions
at One Week Post-exposure .

4-3 Gas Chromatogra iri of Fatty Acids of Monkey Retina . 4 1 4

5-1 Electron Micrograph Showing Swollen , Distended
Mi tochondria.

5-2 EM View of a Longitudinal Section Through the Pi gment
Epithel ium.

5-3 Electron Micrograph of a Transverse Section Through
Bruch ’s Membrane.

5-4 EM View of a Transverse Section Throug h Inner

— 
Segmen ts of Photorece ptors .

5-5 Diagram of Retinal Exposure Area in 511C OD.

vi

_ _ _ _ _ _ _ _ _  = 
_ — ———-- _ _ - - _ _ -_ . . -_ - 

_ - ——7.———---_ . — - .. _ _ ‘ - .. .—. 
_



LIST OF FIGURES (continued)

5-6 Probable Lesion Produced by 832 mW Peak Power.

5-7 Definite Lesion Produced by 1092 nh Peak Power. 5-8

5-8 Definite Lesion Produced by 1587 rnW Peak Power. 5-8

5-9 Def ini te Lesion Produced by 1261 riiW Peak Powe r . 5-8

5-10 Long itudinal Section Through the Pigment Epitheliu m . 5-10

5-11 Longitudinal Section Through the Pigment Epitheliu m . 5-10

5-12 Long itudinal Section Through a Rod Outer Segment. 5-11

5—13 Longitudinal Section Throug h the Pigment Epithe li um . 5- 11

5-14 Longitudinal Section Through the Pigment Epithe liur n. 5—1 3

5-15 Longitudinal Section Through Bruch ’ s Mem brane. 5- 13

5-16 Lonj i tud ina l Section Showing Muller Cell Proliferation 5— 14
A round a Damaged Nucleus.

5-17 Longitudinal Section Showin g Cross -section of 5-14
Photoreceptor Axons Between the Outer Nuclear Layer
and the Outer Plexiform Layer.

5-18 Longitudinal Section Showing Phaciocytized Material 5—16
Vitread to the Outer Plexiform Layer.

7-1 Block Diagram of Laser Apparatus for Corneal and
Lenticular Irradiations.

7-2 Horizontal Beam Scan of Near-UV Emission of Krypton 7 5
Laser.

7—3 Experimenta l Apparatus for Nitrogen Laser Study . 7-6

7—4 Beam Scan of Focused Output of Nitrogen Laser; 7 8
Horizontal Direction .

7-5 Beam ~,cans of Focused Output of N i  troyen Laser;
Vertical Direction .

7-6 Experimental Apparatus for Simul taneous Exposure of 7—1 0
Four Eyes . .vi i

— -;;- -. 
~~~
-

~~
,-.-‘— — - - --- _; . 

U



LIST OF FIGURES (continued)

FIGURL F A1;L

7—7 Slit Lamp Photograp h Showinq Corneal Lesion Induced 7-12
by Near -UV Output of Krypton Laser.

7-8 Photom icrocjraph of Cornic ’al Tissue in Reg ion Exposed 7-13
to Near -UV Out put of Krypton Laser.

7-9 Phot omic rog ra ph of Cornea l Tissue Showing Central
Area of Lesion Illustrated in Figure 7—8.

7— 10 Dose-response Plot for 120-second Con ti nuous Exposures 7-15
to the Near-UV Output of a Krypton-io. Laser.

7—11 Co inpari son of Experimental ly Deter mi - d  Co rnea l 7- U?
Thresholds w i th  Present ANSI Maximu m Perm issib le
Exposures for 315-400 nm Radiation.

7- 12 Comp a rison of Experi mental ly Determined Corne a l 7-2 1
Threshold Data with ANSI Maximum Permissible Exposure
for Near -UV.

8-1 Schematic Diagram of Laser Ap para t us for Corneal
Irradiat ion Under a Control led Atmosphere .

~

-1 Experimental Apparatus for Inducin g Corneal Lesions
wi th  Xenon Arc Lamp.

9-2 Experimental Thresholds for Corneal Epithe l ial Lesions
Induced by Monochromatic , Noncoherent Near-UV Rad ia tion .

9-3 Experimen tal Threshold for Corneal Epithelial Lesions
Induced by Noncoherent UV Radiation.

9—4 P / l a ti v e Sensitivity of Cornea l Epithel ium to ~~12
Absorbed Near-UV Rad iat io o .

10-1 S l I t  Lamp Photograph of Cataract Induced by Near-UV lO-~’ *

Output of Argon Laser.

10-2 Slit Lamp Photoqraph of Ca ta r a c t  I nducecl by Trains 10-4
of 10 Nanosecond Pulses from Ni t rocjen Laser.

10-3 S l i t  Lamp Pho tog ra ph of Cataract s I nduced by TrainS 1(1- ~
of 10 Nanosecond Pulses from Nitrogen Laser.

( 10—4 Comparison of Experimentally Determined Lenticular 1 (1-8
Thr i’s ho lds wi th lhresho lds Predicted by Therma l Model
Calculations .

vi ii

- - - --- r — 
- - . - ,—-~~~~ 

-... ~~~ -.--- —~~~~~~~~~
- —



LI ST OF FIGURES (continued)

11-1 Summed Evoked Response Amplitude vs. Contrast for 11-6
Two Spatial Frequencies.

11-A- i Diagram of a Spatial Sinusoidal Grating Stimulus 1l -A-2
Generator.

12-1 Schematic Optical System. 12-3

12-2 Comparison of Two Methods of Determining Best Focus 12-6
for a Line Ta rget Imaged on the Rhesus Monke y Fundus .

12-3 Normalized Chromatic Aberration for the Eye of Rhesus 12-7
Monkey.

12-4 Comparison of Primate vs. Human Chromatic Aberration 12-8
as Measured by Similar Electro -optical Scanning
Techn iq ues .

12-A— i Schematic Lens System for the Major Components of 12-A-?
the Continuous Dioptric Corrector System.

— ix

~~~r ’ - - - - ~~~~~~~~~~~~~~~~~~~~~~~~~~~ — 
_ ___ __ •—Ti_ — ‘ 

—



LIST OF TABLES

PI’G

1-1 Exper imental Observations of Lesion Development 1-4
for Large Retinal Image Sizes.

1- 2 Summary of Calculated Lesion Sizes (IJIRI Model ) 1-6
for Various Reti nal Image Di ameters as Func tions
of Ret inal Irradiance and Retinal Energy Dose.

1-3 Summa ry of Results. 1-14

2-1 Retina l Thresholds for Fixed Numbers ~f Repetitive 2-4
10 lisec , 514.5 nm Laser Pulses.

2-2 Threshold Powers and Energ ies for Re peti t ive 10 ~sec, 2-8
514.5 nm Laser Pulses at Optimum Spacing.

2-3 Predicted and Experim ental Thresholds for Multiple 2-12
10 jisec Laser Pulses at 514.5 nm.

3-1 Peak Retinal Temperatures Induced by Various Laser 3- 18
Pulsewi dths and Corneal Powers .

4-1 Laser Exposures of Experimenta l and Control Eyes. 4—5

4-2 Comparison of Fatty Acid Patterns of Control and 4-12
Laser-treated Areas of Monkey Ret i na + Pi gment
Epithelium + Choroid.

4-3 Comparison of Fatty Acid Patterns of Retina wi th 4-13
Pi gment Epi thel i um + Choroid Layers .

7- 1 Summa ry of Threshold Irradiances for Corneal 7-16
Epithelia l Lesions Induced by Krypton-ion Laser.

7-2 Summary of Threshold Irradiances for Corneal 7-18
Epithelial Lesions Induced by Krypton-ion Laser.

8-1 Corneal Epithelial Thres holds Under Various Atmospheres. 8-5

9-1 Wavelength Dependence of Thresholds (ED50) for Corneal 9-4
Les ions Induced by Noncoherent Near-UV Radiation. x



LI SI  01 TABLES (continued)

I TAB EL

T

9-2 ~1ole cu lar Extinction Coefficients for Absorpti on 9-9
of Near-UV Radiation by the Corneal Epithe lium .

- 9-3 ~avelength Dependence of Relative Sensitivity (R) 9-11
of Cc ”n.eal Tissue .

10-1 Len~icu la r Thresh olds for 350 nm Radiation. II)-!

I

I
I

I
I 

x i

- 
____________________ 

- - - - - -._ - - r- - - — - . - . _ ,_
~~~~~ - -



PART I

OCULAR EFFECTS OF VISIBLE AND NEAR -INFRARED
LASER RADIATION
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C HA P~ EP 1

L~ kGE RE~ T NA L LES IOS :

A . I NTR fl ?* CT ION

This study - -.as a joint effort of the Laser Ef f ’~ ts Branch and
Weapons Effe ts Branch o the USAF School of Aercspa -~ ~edic ine.  The
p~ r:)ose of t ii s project - -.as to p lace large lesions (150-1200 ~m diame te~ )
in toe retinae of trained ~ -ima tes (Macaca rnulatta ) i n  order to make
q~ant itativ e measurements of visual acuity as a function of lesion size
an post-e x posure time .

Previous measurem ent -~~~ of long-term recovery of visual acuity from
tne i’~~ed ia t e  ef fects of laser -induced retinal lesions have been sparse
and toe results ambigu is. These efforts were hampered primarily by the
di f f icu l ty  of cent e r i nO the laser ex posures precisely ar~ reproduc~~~ on
t~- a fovea. The inability of a primate to recover its visual acuity ‘~~~, even
to the 20/200 level , six months after rece iving a lesion approximately
9-?D ~n in diameter is not a surprising result. The lesions in this case
had Neen induced near the cente r of the rnacuia and almost certainly total
disr~:ed the fovea centralis , which in the rhesus has a diameter of ~ ‘5 . m ’

kcw~ ,er , a different animal , in which a ‘~25O um lesion had been
indu ce~ , showed anpar~nt recovery to 20/200 visual acuity wi thin eight
days after exposure (1) . This result , if real , is highly si gnificant.
However , other exposures made during this earlier study had clearly not
ove rlap~ed the fovea Lomp iete l y and , hence , further exper imen~~ were
requi red.

The prima ry task was to place lesions in the retina so that in each
.ase thc damage was centered on the fovea . The seconc~ oroblem . tha t of
predicting fi na l lesion dimensions , arose because of t~ e apparent trend
of recovery of visual acuity with lesion diameter. Accordingly , an
experi mental reg imen was deve loped in wh ich lesions ranging from =~l5O
to ~2 200 ~m diameter would be induced in primates trained to respond to
Lan doit “C” projections rang ing from 20/20 to 20/200 on the visual  acu ity
sca 1e.

To minimize variations in exposure parameters , i t was deemed adv i sa bl e
t ;  maintain a constant retinal i rradiance and pulse duration for all
exp osures , regardless of retinal image diameter. An added benefi t of this
requirement was tha t the lesio n develo pment , ex presse d as a ra ti o of

— lesion diameter to retinal image size , appears to be essentially constant
ove r the selected range of lesion sizes (see below).

1— 1
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B. MODEL CAL CULATIONS

The theoretical basis of laser-induced therma l damage in the retina
has been di scusse d i n detai l elsewh ere (3 8). Briefly, it is assumed that
a l a r ge frac ti on of the laser  r ad i a t i on  focuse d on to the re tina i s ab so rbed
in the pigment epithe lium (PE) and dissipated as heat. When the local
temperature is elevated above the norm for sufficient periods of time ,
i rrevers ib le dama ge occurs , presumably via rate-depe9dent injury mechanisms
such as enzyme inactivation and protein denaturation is ?) . At supra-threshold
exposures , retinal lesions are characteriz~~ by massive disruption of
cellular layers as wel l  as edema and lysis ’s °) .

For laser pulse durations in the range of 1
~B ~~ec to 10 sec , e x c e l l e n t

agreement is found between theory and experiment~’ “, thereby lending
val idi ty to tne assumption that the damage mechanisms are primarily thermal.
T hus , for the ,~~posu re parameters of i ntere st in  th i s projec t, the IITR I
therma l model~

3) can be considered as an entirely adequate predictive tool
for the purpose of correlating retinal lesion sizes wi th laser beam para-
meters such as wavelength , exposure time , beam-divergence and power level.

ihe fi rst indi cation that lesion development , expressed as a rat i o of
lesion to image diameters , can be pred icted from retinal energy dose appears
in the data obtained in an earlier study ’slO ) on lar ge retinal lesions. This
work , which was carried ou t using the 647 .lnml ine of a krypton-ion laser ,
had been comple ted before the IITR I model was fully operational , and, hence ,
no systematic investigation was made of lesion development on this basis.

However , as shown in Figure 1-1 , there is an obvious trend of lesion
development with increasing retinal energy dose; a trend which appears to
be reasonably independent of retinal image diameter or laser pulse duration
at least for this limi ted range of relatively long pulses (see Table 1-1).
The asymptotic behavior at high retinal energy doses can be understood in
terms of an approach to therma l equilibrium , at wh i ch po i nt the rate of
heat input is equal to the rate of hea t dissipation and no further damage
occurs .

Ev idently, t h i s  tren d of lesion development would not be expected to
be mainta ined for very short ( .  10 nsec) or very long (~ 

10 sec) pulses .
In the fo rmer instance , the rate of heat production is much greater than
the rate of heat dissipation; i.e., in this short-pu lse approximation ,
the peak retinal temperature increase is directly proportional to the
absorbed energy . However , even wi th this assumption , lesion develo pment
remains a compl i cated function of peak temperature , retinal ima ge size ,
laser beam geometry, and change of state (e.g., vaporization of water), if
any , in duced by the exposures.

For very long pulses (� 10 sec),  the power level (retinal irradiance)
required to reach therma l equilibri um will depend on the retinal image
size; for larger image diameters , thermal equilibri um will be achieved at
lower levels of retinal i rradiance . Thus , for a given retinal energy dose,
the development of large lesions will be quantitatively greater than in
the case of smaller lesions.

1-2

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  
U



4-’ 4-)
c\-J

C
~0 

•
0

4.) 
~~

C Q )  C Q )
.— ~~~~ - .,— s._

k_ u, s - u .) —
a )O  0)0
4)~~~~

* ~~~~~ Oa)
S~~~4 S~~~4 ‘4 - .
0) (/’ 0)t fl O L ñ

-~- ‘0 4-’ O  ‘.0 0)
0) 0. 0)0. —E E 0’-
(~~~s_ ~~~~

~~~~~~~ 
.~~~~ç.. 4-’

~0 0  -0~~~ (J O.)
0

C C C
00) 0 L.
~-C  ~~~ —
‘.‘~ 0 V~C’J0)
__J ._j

I I
p.’¼:) >< CO.)

—
E

C’~J E  0.u~
— u  0~~~— ‘— 0

~
_) a) .—

>~~~~-

0) ~~~>

0 C~-
~~~~~ 0 0
o

0 ) 0 )
L ..J ,/~

* 0) 0
C —

~~~~U)

.-

• 0 e v

~~~c w w
4-) U.)
Q) D

~~~~~~~~~~~ 

0)
> e v

~~ 

~~~

~~~~~ ab uI /Ja~aw PL Q uotsa l
1-3

_ _ _ _ _ _ _ _  - .7--- - — — -
~~~



CX’ C\4 (0 0 - ‘
~~~ Lt) Lt~ C’.) N- C)

-~

C

0)

— a)
C • E U 0)
0 C ~U U) .0
Si, 0) -~ -~ 0 .0 .0 .— 0

0.
C) E 

* 
— ~~) 0 0 0 0 r— x

E r ~~~ C) 5!) ,— .~t 0)
(0 — C\i ‘.0 N-. C) N- ~ (0

U) ~0
-.- .— ‘— — -

C C )  I U,
* 4-’ 0 E

_ 0.
C

C’.) U .

a) = E

‘.0 0 It)
I .

l/~ 0 >, —
• 0 Cl) ) 0

C)—. a) C 0
L J 0  — . - .0 0 .— C

~ 
(.0 ‘.0 N- .— a) 0 0

• 0 ~-‘ .C -—
C) —. C —. C’) a) Lt) ‘— ‘.0 C) -4-’ ev -‘ ~~ ‘
_~ E -— 

~~ I ‘~~ ‘.0 a) IC) 0 — (0
U) C 4-’ — - — (0 >, 0. >

0) -.- 0 U
U) .— .— 4-’ 0)
C ) .  0) evE U •~- .0

~C 0
0(0 U 0.

— 0 )  so 0 >, U
V) 0 0— -~~~ .- U .0 -~U) U) — C r— , C\J (I)
_J LiJ . . . 0 0 0) 0u

N-) (0.— U ‘0 N- .— 0) () 0 E U U.—
Li.. — C t) — ~~) c~) ~

_ - (C) ~~~ .— “~ 0)
~~ CD U) -.-- (0~~~ * 

IC) .— .— — U so U) 0 U
a) #) U .— 0 -C 0 E

(I) L.J 0) U ._ 0. .—
U .C )( (0
0) 0. 0) .C~-—~~~ 4-’ 0 I
C 4-’ .C Q )
so ‘.~~ 0 . 1

0) 0) 0 Q i — )
U —  It) 0) > 0.

U) 0 . It) (C) CD C) C’.) .C U E 0
‘.1) 0) . . . . . . 4.) 0) (I) C~-a) I— 0 U) CD 0 CD ‘— ~~ C) v) U U

o U.) 0 .— — £ .0 ‘ - U
X C 0 0

—J U) .
c ~~U C ~- C

-~~ 0 C’-.) ~~~~~~w .—

I si, #~— C 0) (0 0)
0 ‘—

U) I .~.-
0. 0) - -. U) C 0)

C U C) C) C) It) IC) 0) U) Cli U
U) I. 0) 0 C’-.J C) cs.j C~.-i ~~ •.- .4-’ —. U

0 ~ C’-.) (‘fl) ~~~ ~~~ E C) 0)
(J O  ui ‘4- (0
0. C 0 0) 00)

(0 ~ W E
U U)
4.) 0) C -—

U 0 ~~~V0) 0) — -—
4-’ C (0 U) O F

.
~~~ 0) C

E E  E .— U)
C 0 ) 0

— CD 0 C) CD 0 C) (0 0) U
C) a) (C) It) I.C) It) a) U) 0) C .C c~C’1 ,— ~ - ~~ a~ ~~ C’.) .

~~ X C) ~
— —

W a )
0)--.-

s~ .0 U 0

1-4

‘
S

- —- --. — -r --- - - - --—— — -• - - — - • - • - - —-.--—. - - -  ... -~~- -.- • - -



~,e,erthel ess , over the limi ted range pulsew idtns of interest in
this experi men t , t o e  t~end (Fi gure 1— 1 ) is encouraq inr ; . rA oreo*,er , it can
be Seen that for an incident retinal energy dose of 75 J/cm the lesion
~rowtn factor ( 1.6) is ap pr -o chin g its asymptotic imi t. Taking the
tran~Hssion of the ocu lar media (1’) to be 0.632 at th i s wavele nqth (6~a ret in al lose of J/cm— is equivalent to a corneal powe r of .100 ~ f~r
an - ‘~~Jsure of 1 .1 sec Using these values as a starting point. II TR I
mode 1~ -3~ calculations were carried out. The results of these cor~puter
calculations are summarized in Table 1-2 and Figure 1-2.

The striking agreement between model predictions and experimental
results is significa n t in that t~e calculated points represent the model ’s
actual predictions o’ lesion sizes ; i.e., none of these points was normaliz e~
to agree with experimental data .

The remaining problems , precise placement of the lesion and accurate
determination of the laser beam profile on the retina , are discussed in
the following sections.

C . APPARATUS

The apparatus used in these experiments is shown diagrammatically
in Figure 1-3 and a schematic diagram of the optical system employed to
vary beam divergence is sh9wn in figure 1-4. The principal variations
from the usual arrangement’4-6~lO) consisted of replacing the swing-away
mi rror wi th a dichroic beam splitter and redesigning the holder for the
external lenses to permit independent alignment of complex lens configuratio ns.
In addition , a pa i r of mirrors was placed in the laser path to provide bea r
ali onm ent ir the direction norma l to the plane shown in Figure 1-3. This
m odification permitted ali gnment of the laser beam along the optic axis of
the fundus camera , i ndependent of the movable beam splitter which was
moun ted on the holder of the fundus camera objective lens.

The reflectivity of the dichroic beam splitter was 94 for 647.1 n ’
light polarized perpendicular to the plane of incidence. This component
had very hi gh transmission throughout the visible spectrum , especiall y in
the blue , thus providing the capability of viewing the fundus through the
beam sp litter while preparing for the laser exposure . Last minute checks
of anima l movemen t or optical misa lignment could , therefore , be made i mme-
di atel y p rior to ex pos i ng the ret i na to the laser beam .

It was found empirically, from the results of more than 50 ret~nal
ex posures , that t~€ cen ter of the lesion had a circular error probability
(CEP) of about l0~’ of the laser image diameter at the retina. That is ,
for lar ge image sizes ( ~750 urn), the center of the lesion was generally
within 75 .m of the i ntended target location. For smaller retinal images

~20O cm), the CEP was about 20-25 ~m . The principal limiti ng factor was
no t the alignment of the di chroic mi rror , but rather the al ig nment of the
ex ternal lenses used to vary the beam divergence of the laser at the cornea .

1~
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TA BLE 1-2 .

S~ ~~~~~~ OF CA LC J LA ~E J L E S  ION SI LS ( :1  ~r ~~~~~~ -

FA~ v~ b U S  - T : N A L  I MA GE D i .‘ •~[T L7~ •A~ HNCT I ‘ 3
OF ~LT i NA~ I RPAL) I ANC E AND P~T NJ’.L [AG DOSE .

647 . 1 nr , Pulse wi dth 1.1 s a c )

Co rrea l Power Retinal i cro d ia nce Retinal Energy 3ose Lesion D ia : - e t - - ’
_____( J / c m

~

) Irna~ e -:,

I~ a~~~~iam et e r = 180 urn

6 . 1~ 16.58 18.24 0.Y)
10.76 28.83 31.71 0.67
24.84 66.55 73.21 1.33
25.00 66.98 73.68 1.34
45.12 120.9 133.0 2.00
72.53 194.3 213.8 2.67

Imag e Diameter =

12.70 12.25 13.47 0.00
15.20 14.66 16.13 0 . 3 3
22.20 21.41 23.55 0 .67
34.80 33.57 36.92 1.00
54.90 52.95 58.25 1.33
70.00 67.52 74.27 1.~ 5

148 .0 142.8 157.0 2. 2

Image Diameter = 450 ~rn

20.10 8.62 9 .48 3 .00
24.70 10.59 11.65 0.31
34.20 14.66 16.13 0.62
53.60 22.98 25.28 0.93
91.40 39.18 43.10 1.2-i
160.0 68.59 75.45 1.64
266.0 114.0 125.4 1.99

Image Di ameter = 550 urn

26.20 7.52 8.27 0.00
31.70 9.10 10.01 0.33

• 46.00 13.20 14.52 0.65
77.10 22.13 24.34 0.98
142.0 40.75 44.83 1.31
240.0 68.87 75.76 1.64
451.0 129.4 142.4 2.05

continued...
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TAi3 L[ 1— 2 (continun d )

Coy -i ’ - ~l [cs’.er ~ptj  na l I rradiance Retinal Enerqy Jose e -s icr Jiaoeter
-J 

— 
__ J_~Lc~ i_ u 1

Im~g~ Dia mete r 653 u rn

31.90 6.55 7.21 0.00
39.20 3.05 8.86 0. CA
59.30 12.18 13.40 0 . 5 3
110.0 22.60 24.36 1.02
210 0  43.15 47.46 1 3 5
33 0.0 67.80 74 .58 1.62
700.0 143 .8 158.2 2.08

Ima ge  Diameter = 750 urn

38.00 5.86 6.45 0.00
47.50 7.33 8.06 0.35
74 .50 11.50 12 .65 0.69

147 .0 22.69 24.95 1.04
302.0 46.61 51.27 L33
440.0 67.90 64.69 1.60
1053.0 162.0 178.2 2.09
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t oe  c - ’ t ar  he ~~~~~~ r ~ cci n81 In wi t fl C - t
~h to e op c ~in

:: ‘ :or ’ietr - i c  a~~e~ 0 1 t n .  lens s’is~ em . To ac cc ”pi i sh t n i s , a p l- :n~~e ( 31) m
‘~~ i5 m t  * 5 * )  

~ en an X- Y  f l l C r ) I ’ t e~~e r  t r a n s l ,a t i - ) n  5 i’ ; .’

toe shu t er a rd the beam e leva t i on  mie rors . 7his a r r l r c . - n t , - 

~~c - t r , - r  ~~
-

P~~~1’fldl bench rna r~s tTh’ la ser  a1 i ; n ~-e r ~ , pe.- c i t ted  f ine ~J C- Js ~~ nnt ~~~4 ill
o p t i c  ~ co m po ne nt ;  in c r ier  to ach eve beam imn-et ry and precise bea~a l i~ n-~ nt , both before and a f t e r  t o e  exte rnai  lens sj s e 5 . F i nd i ly ,  t~ e
c i t a t i l i  ~v of t r ans la t i n i  tne external lens asse m bl y along toe 1 i- ~er beu~a X i s assured that the beam did not come to a focus on the beam sp l i t t .~r
i~ -~~lf (Fi gure 1 -4)  and a l lowed a fi xed bear diameter of 2.5 rivi to be
Tointai ned at the cornea , irrespecti ve of divergence ang le.

The trial-and-erro r process required to achieve hi gh accuracy and
pr - -~ci s ion in lesion placement was prolonged and tedious , si ’ce each c
t~e nine optical components of the system had least two - ‘J rees 0
f - ee loin . However , the results achieved were quite satisfactory and toe
a p o - ~ro~ .s , thus confi gured , was used to expose the retinae of six trained
pr i Catas .

D . RAY— T AA CE CALCULAT IONS

The retinal image diameters listed in Table 1-2 were selected to
orc~ ide the best range o f lesion s izes for the fi rst series of exposures.
In prac tice , actual retinal image diameters were extremely di~ f4 cu1t to
measure , in part because the dichro ic beam splitter reflected light polan ize~
perpendicular to the plane of incidence. Thus , even though the laser li gnt
scattered from the fundus was largely depolarized , about 5Q~ of this inten-
sity .qas rejected by the bear splitter. In addition , subjective est ira tes
o~ beam da~meters at t~e retina vary widely according to laser wavele ngth
a~ l beam i ntensity , degree of dark adaptation of the observer , and
i- ~iv~ 1ual judgments of the lie 2 l imits.

There fore , in order to set the beam parameters (diverience , power
level and pu lsewidth) desired to induce a given retina l lesion , it was
preferable to calculate , rather than to attempt to measure , the I e- imaj .~dia meter at the ret ina. Using the terminology shown in Figure 1-4 , t~’e

t 
fcl 1 -angle beam divergence , 2- , at the cornea is given by:

2 4 (_f~~~~i (1-1;
f i f2

where 2- is in milliradians (mrad), d : is the laser beam diameter (nm ) at
lens L 1, x 1 is the spearation (rn) of lenses L 1 an d L2, and f 1 and f are
the respective focal lengths (m) of the lenses . Therefore , the ret~na1
imape diameter , 2 r’ is gi ven by:

2°r 20 x 
~e 

(1-2)

is the effective focal length of the primate eye . Wi th 2~ 9 iven
in m il li radi ans and 

~e 
i n mill imeters , 2’r has uni ts of micrometers (5m) .
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For C n it ia l  es~ i -odte* ; o~ laser k ea r il p aee ~e f e r r , j n l  t O C  Ckf l .Q i tt d r . ’
cnc ice o~ -~~~e rna l op ’ s , a val .e f ur f~ ~13 .35 mm o i y ’  he U T~ ’~ ~s de te 
by  ~a ’ 1- i e ’ s  , al t nc  d ; o  t h is v a l~~ w~ 1l evi i e’t l i  var 1 w i th  tH e pc- yu io-
l o g i a l  optical pIr .l’ e t e r C  C~~ an ind iv i : i a l  pr ima ’~ e y e .  In ~dd ’ t i~ r i ,
‘~~ -t rac e c a l c u lo ~ inns , l2 ,’ 3  suggest t hat  a Ga u ssian b~ a —  p r o f i l e  a t toe
co r c3a  w i l l  be s e .e re l y d i s t o r t ed  at too ret ina , es pe c i  i l l y in the case u~l a~~:e iive rr.ence an ala s . To overco me t - e s e  o ro L1 e~ , ke ra ’o ’ !et ry , pfl a~~o e t ”1
an.: u1tra ~ :nogr ao n ic  d~ s tanu e S j ureme nts were car r - i e d  out on t~e a ~s ~~fal l  t ra in e3 a n i r u i l s  use d in tne ~is u al acuity studies. ! :n fu rtur r ~ tel y ,  the-
trained ani~ als were not available for pha~omnt ric neas ire bC bef ore
receiving retinal laser exposures. Since accurate raj-t racinq calcul a tio rs
re : ‘ire knowledge of lenticu lar curvat ures , abso 1u~e cal cul ations hil to :o
uncertaken well a fter the fact. The !e s u l t s  are s . - ari: -~ hel .-5.

E . RE SULTS

E- i.  Retinal
__

Im~~ Sizes

The experimental condit ions (beam diverg~ncc - , la ce ~~~~~~~~

pu lsewidt ~ used to expose the tra i ned subjects were sele ct ed ~o induce
ret inal  les ions rang ing from 3CC to 1100 cm diam eter . Ini t i a l  esti ’at ’- -, o~the i /e ’ retinal image diameters were ‘ade using Equatio ns (1-1) and (1-2)

-.~i i t h  i nd iv id ua l  estima tes of the effec :~ ~e focal length o~ eacn subject eye
calculated from the relationshi p:

= (Total Axial Lenath )7 m (1-3)e 1.336 (A+ v) + 1.4 l6 (ij

where A , V and L are the respective thicknesses of the a ’terior c~’~ — h C. r ,
sitre nus , and lens obtained by ultrasonography , and 1.336 and l . 4 5  a re ‘-e
refr active indicesO~

) of water an d th e rhesus lens , respectively. This
method was employ ed in lieu of absolute ray-tracing and the :alcslated
image sizes are tabulated below.

E- 2. Retinal La sCr Exposures

Th e trained subjects were i rrad iated on a schedule such that
there was a m: nimum of two weeks between expu ures of th e two eyes of a
given subject. Lesi on sizes were measured ophtha lmoscop ica l ly (fundus
camera ) ime i~ately after the exposures (2-3 m m )  and at — 30 mm post-
exposure . In add ition ? fl uorescein angiography on each eye was perfo rmed
by coliaborators (15 ,16) , althou gh in suine cases not until 75 days post-
ex posure . Nevertheless , cross-cal ibration of funduscopic photograp n.
penro tted measurement of lesion sizes from the angiograms to within ‘5’ .

E- 3. Retinal Lesions

In the earlier sections of this chapter , it was shown th a t a
cons tant energy dose of 80-90 J/cm2 should induce lesio ns approximately 60
lar ger than the respective retinal image sizes. Thus , both computer
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c~i l c olu ’ions ~ ‘:~~ e X p e i C 
‘~n ’o on 1n ~nrj ( 2 - 3  ye a rs , .-h e o .  s .Hect ;  j r ’.~~L O~

t’  t “ a - t i ~~~ ~~~
f fi na ( I  -

~~~~~ no ~r ~05 ~~ < p s  we~ l es io n Ii d o e  e’ to ‘c t  j ’  ~im p. s i  :~ .- hou l  1 be saris H y cons ‘ant at 1 5 - Acco nd 4 r i , in the i ni t i l l
e~ i- ; ; . ’ -~s on ‘ne trd i ,* c ~‘- i ’iat ~~~ -e t~ nai  ene - J; ‘Ic~ e - .dS “i~ rt3 i ’ :e~and 85 J/ c rn  , using a f i xed e~posu re ti 1 0~ 1 . 1  sec and iary 4

~aol the laser pow~ ’- . ~~. s i l t s  on the fi rot four eyes o r— - -  n t . . te l  q ’n to
~‘ c ’uSi . 1, that  ~n -  t rend o b c o r v e d  for Y - u4 n g e ” in i a l s  (o e ’  :j ;~~- . 1 -1 )

Ii I 10
t up;  l y ‘c bhe C te l i ne  I sub jec ts .  ~peci ~i c~ 1 1 , , toe o bs er ved  le t ion

-l l a .:t rs ~ie’e co’:si ~e abl y smalle r (by 20 ~) than t o  c a l cu la t -i va~ ~es.
~~e onl y appa rent e.pian ation is that the subje cts used in the p .-e sent
e -~pe’- i nents range in ane f ro:r 6 to 9 years compared to ape- . of 2-3 yea ~s

toe Subje ct ; used in the trial expos ures. It is conceivable that
d O e -  ~-~

-
~~ r I e n t  v~~ri it ions in the nature and ;or content of the macu lar p1 • n t

a’-e .‘eo )r’sib lc ) for this marked departure from theore~ i ca l dod p rev i n i s
e~pc’’ enta l res~ i ts .

:~ any case , tno  actual lesion sizes achieved (175-1100 cm ) co,C.r tn’~
C : ’ :-~ 10 5 1 -01 f~~e t h e  fo l low - up visual acuity mea sureme nts.  A c o mp o - ~ c’ si .0
o * n a r y  of t he r e sAl ts 0’ this study is listed in Tab~ç l— ~. ..h i ch inc~~~e
lesi on me is ~re- ent o taken from fluorescein angio qrams~ ~~ ~iqu re s 1-5 ~‘~l1-6 ;nu ~ co ”pa ’- at i ~e fL.nius pnotngraphs and fluore scein ang iograms of
sub je ct 572 (OS). Toese phot o~raphs were taken at 2 hours post -exposu re
( F i u .  1— 5) and a t  75 days cost-exposure (Fi g. 1-6). The magnification ; in
bot h cases are the same , and it can be seen that the appa~-en t les i ~n
dimensions in the an aio~ ra~o are somewhat smaller - toan those shown in tnc
fun ~us photograons .

T~~ correlation bet.’~ en lesion size and short-term (6-41 days ) visual
acAi tv US) snows the e A c c c t e ~ trend of acuity decrement with increasing
le s :on size. However , 1Orc ~~

t ,rn vi sua l acuity data ‘ollo wi n i laoe !- e cpn~~ re
o b s ~ two dist~~ct t r -an s i t i c r  stages. Measurements taken at 75 to 110 aoys
p ot-exposur e 6) 

~~~ t ou t  for  lesions smaller than .200 rn , there is
apparent recovery of visual acii ty (Landolt “C”) to the 20/20 1€ . ’~l . For ’
Ins ion s izes  bet.~enr 250 an d 750 in , acui ties of 20/40 to 2 0/ 5 0  were
meas u red.  Vi~ u~l a.ji ties 0’ 2O/ l~~0 or worse were measured onl y for lesion
s~zes g e u ’er than 900 rn.

~‘-e ’ ner re - - e ‘-~ou 1t are indic ati se of true recove’-y o~ v i s ua l  iCJl t y
or , ‘jr eca-- -p l e , a learn el r-esponse which compensates for the cent -al
S C ) ) dO

~ 
re ’a~ n- to be dc ”’~cined . In any case , it seems clear that mo ’-e

‘ieir fl(J~ O1 in t err )Jati on of the visual response following laser exposur e
H is re~ uired . in p art i cu la r , chromatic visua l acuity tests sn u jid be

in v es t iga t ed in order to probe t he  foveal response. Such tests should
disti ng uish between true recovery of visual acuity and a learned response ’1 ’ -

A more comp lete description of the psychophysical aspects of th is
s t u d y ,  inc l uding the temporal histories of post-exposu re acuity tests will
be found elsewhere (l5) .
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CH A C ’ 7P 2

RE ’ I ‘~,AL PHC 9C ‘) 7’1 S TP

A.  IN~ -~O D U C T I O N

Involvement of phot oc’~emi ca l processes in lie r-induced “etinal
lamd le mechanisms ha~ been inferred from resy~ ts of two wi d el y ~ spara:e
kinds of threshold exper i’-ent~ , Ha , et al. U observed a strong wa-ic-
len oth dependence of damage threshold for long-term (1-1000 sec), low
power exposures over the range from 441.6 to 1064 n m .  The resu l ts  were
cor’~pa ’-ed against calculated temperature increases from which it was
in fe~red that therma l mechanisms predominate in the case of near-IR
exposure wi th a gradual progre~sion to photochemical mechanis m (s) with
dec r ’-’-~sing wi ielengths. Ha’-i(2) has recently attributed the latter
primarily to coagulation of pigment granules in the pigment ep it n eli u:
( P S ) .  The macula lutea appears to be less sensitive than the pa~amac~ la
to bl ye wa velengths , presumably due to protective absor ption by <antho-
DhylU2) . We have observed a similar effect and tend to concur w ith tnis
explanation (see Chapter 4).

Another casç of presumed photoc hemical damage was reported by
Connolly, et al . (3,4). Short (10 vec), repetitive pulses of visible and
near — IR laser radiation demonstrate distinct cumulative effects that are
opti -~al for certain pulse sepa rations. Figure 2-1 shows nis pattern for
fixed confi gurat ions of 2, 3, 5 and 10 identical pulses of 51-~,5 n”
radiation. The di stir :t minima in the damage thresholds fo int ; r ;jlse
separations o~ 0.5 to 2 . 5  sec cannot be understood in terms of stri ct 1 i
tk ‘-“ral processes. Accordingly, we hypothesize involvement of photo-
cb~’ -i cal or photobio loqica l effects in the retina , possibly in v o1 vi ~1q
the photoreceptor pi gments (3). The distinction between photoche r ~stry
and photob~~loqy in this particular case is necessarily amb i guous. -~~
thp olirpose of this discussion , however , we can consider that photo-
cnemica l processes i nvolve relativel y rapid (msec or less) molecular
changes due to chem ical reactions of excited electronic states . In
contrast , photobio log ical processes may be defined as altera ti ons cf
biological activity , usuall y on a much longer time scale . Howev er , in
both cases , the initia l event is quantum conversion of the absorbed
electric-di pole radiation , as opposed to thermal conversion in which the
absorbed ligh t is degraded as heat.

In an ea rlier report (s), we discussed init ial results of empirical
computer modeling. These efforts were undertaken for the dual purpose
of predicting relative damage th resholds for multiple-pulse con figurations
and to provide insight rega rd i ng possible damage mechanisms . Thus , if
the available data could be described by a set of simp le analytical
functions , one or more working hypothese s could be constructed and experi-
ments designed to test them .
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3, ‘i r ’ JR ~~ AL “4 c ’JE L

‘‘i’ mu lti p~e- ;-~ lse dat a d i sp l ~ied i n Fi :-~r’e 2-1 ar -c l i sted in
Ic ?— 1 . 7ouh I -~— ; u  1 cc  t n ” o  b ol Ia t j  are re_ p lo r  t e l  in Fi g ~re 2 — 2

a~ rel ati ’.e ~en sit~ . -i ’ - is. t F rn e . T h i s  sens i ti -i i ty fi nc t iu r l is
d~’f~ ned c1 :

161
S( t) = 

~ Y~ j~ t) (2 -1

..~-ern 161 is the sing 1 e-pu lso threshold (in mW incident at the cornea)
and 9951)(t) is the threshold for double pulses separated by t sec.

n att - ?m ptin q to fit these curves to analytic functions , the
p r in c ipal criteria were: (a) to min im i’ :e the number of adjustable para-
meters , and (b) to rest rict the choice of trial functions to those w itn
sore reasonable biophy sm’ cal interpretation. The rate equatio rs for the
consecutive , irreversible first-order rate processes:

(2-2)

m~~- t  both criteria. Moreover , consecu ti ve , irreversible first-order
processes are well establisned in the photochemistry of the retinal
pi gment rbodopsjfl (S,6). The differential eq-~itions describing the time
dependen ce of these spec i es are :

= -k~A (2-3)

= k 1A - k B (2-4)

= k~B - k 3 C ( 2 - 5)

dD _ k c _ ( dA + dB + dC )

The solutions of these equations can be found in any standar d te~t~
7
~ :

A(t) = A~e~~~
t (2-7)

B(t) = 
k 1 - k 2 

(e*t - e~~l t) (2-8)

I -k t e~~~t e~~_~C(t = A k 1 k2 
~~~-k , )Th-k~) fk1-k 2)(k -k 3J~ (k ,- -k~ )(k 1 -k 3~ 

(2- 9)

D(t) = A 0 - ~A(t) + B(t) + C(t)} (2-10)

where A , represents the ini tial concentration (i.e., at ~ = 0) of species A.
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- 1 1 ° 9 5  fl. ;~Q , ‘
~~

) . 7 — 8. 9
0 . l , H7  * 7 7 . 3  9 . 7 7  : 6 7 . 3  — 08.1 3
9 0  2. . 72.3 0.72 50 ,0 — ‘0 .3 11
OHS -: 102 1.02 97

~~~- 
122 -

0.~ ’T7 C’ l 1 1. 1 4 125 — l2~ -
0.10 1.0 143 1. 03 133 — 15 5 :
0.067 15 - -146 1 ~ 1. 46 ---  (c ~

I 
‘(9 0, 317 jQ - 

~O .9  - --  (c)
5- .15 7 ‘82 I 

~Q.82 
‘ - - -  I (c)

0.5 1.777 41.3 1 -OH1 30.~~~- 4 3 . l 10 *

0.1 1 9 151 1.51 14-1 — 157 10

* 7 19) (9, 01 79.8 Q.05i 77 .J - F 31 . -3 10
10 0.10 67.8 0.52 : r-6 .5 - F-~~ . ?

1 1 25.0 0.25 23.2 — ~o ,l , 11
0. 177 ~-l3Q ~l. 3 ——— (c .

10 290 0.O95~~ ‘ - 7 - 1  0.7-;  (c ’
20 0,05 o58 0. 5~-( — - -  -

2 0.5 ‘23 0.23  (c
0.333 3 .27 0.37 —-- 

---— -— ~~~~~~~~~~~~ ----~~ 

(a )  Po rs and ene rgi es at c n - ne d ,

(5) Low c’ r and ipper 95~ con fidence limits .

(c) Interpolated.
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t r i a l  a n - I e r ”o - , ~.e ‘2-~nJ t o o t  t re  Ia ’ i , - ‘ - O n ’ ’’ , - I S  ‘ - - ‘

sons i i ~i v ig - 2 - ? ) .  ~ I i  b e f i t  S - It is  ~a o t ’ ; ’ - i  1 / c 1 E’ r .-i n 2 - F
‘,-~ i ‘i -‘1 - 15, = 1 .6 seH ’ , ‘ = 0.8 - ec  an- I = 0. - cc , a

~~‘ c -- n .n Fi gure 2—3.

- is no ’ essential tu ass ic- t-~at  rut ina l dar , -~e i ‘lice hj  rep e t i  ti .e
lo ,er :u lses ne il ’s f r o m  a mol ec u la r ch” - - e  e x a c t l / - is  ‘JeH t t -d / E H a ’~ 

fl

( 2 - 2 ) .  RaY -n , the i ’ l fn e d id t e  purpo~ e ~f this mo c l ing ~~f t ~~r - t  wa~ to let - -r -
‘“i t ’ - w~~- -the r t i c  sa - —e t i me- le u - n o- nt fun ~ion (e q., Eq . 2— fl cc . 1 1  c i  .ute l
dr : c r i oe  not ml y toe double- pu l c e to resho ld  dot- i , f it  a lso  -ul tip l e -p - 1
(n -- 2) thresh old data.

The t r c d t ’~~ f~~r double pulses is re l ati- j - l v s~ n ii ;n t f ~ r’. v a r l  ; ince
p ~1se sep aration is id en t ical to real tim e . Eu- ncr-ore , t~e pro5j.-cd

rol es of toe two pulses are sep aia te and  discr ete: the f i~ ct p ’il; e is
co n s i . :e r -ed to s e n s i t i z e  t he r ’tina either by the f~~r’~ä t i or  of a tra ’ -

inte  ‘“n-h ate species or -uy inducing a t ime-de nen - lent  a lt e n -.~ ti j n in ~~
c o” i i~~ion of the ret ina (e .g . , hi gh local co ncent ra t ions  of l.a t or
The se c ond pul c e then induces do~ aoe which is considere d t Oc re ie rs ib ie
up t~~~ sor e as yet An de toni l j ned 1e . ”~1 ( i . e . ,  ~~resho ld) and irre~ ers ible
hou nd that  ~o in t .  As d iscussed previ nu sly~°~, th e data in Fi ‘u’ -o 2-1
slI qoo st th at there is a different threshold for each pulse. C n e i i c a l i c ,
t-~e ~b n — e sh old powe r ~~r ~he fi rst pulse appears to be in the oei-]hbor oood

2.j-25 ~W , s - n~ e no da - .ane ias observed at lower peak pow ec- , even f~~r
10 or mo re pulses. The threshold of the second pulse appears to he “~7O ‘~~~. ,

i.e.. toe lowest power at -which damage could be induced with double pu lses.

For three or m o r e  pulses , the picture is mo re comp 1e~ . First , pulse
se- irati on and r e ]  ti -n e are not identical. Secondly, in an n-p u lse t”~ i’ ,
tne ni ic I e (n—2) ~ lse s are considered to havo the dual roles mj f m d ’  c i n -9

~u and s e n s i t i z i n g  the retina for the next pulse. Finally , inune ‘ ion
~~~
f the  dat a for 2 . 3. and 5 pulses (Table 2—2) suggests that t i e effe — o~t - e last (n-l ) pulses is enerqy - rather than power-dependent.

Th is, j r  on ’ier to apply E )uation (2-9) to the ase of three or more
• p- ice ; , it is neces any to make some exp l i c i t  assu m pt i ons .

(1) It is a - ;s i - , ’d that the cumulative effects of visible laser
pu lc e s  a r -c l i e  to p r - c t ob io log ica l  (or photochemica l )  processes rat he r  t han
to ~ne r ’md 1 eff~~ t’c . The basis for this assumption is that t~~r”~1 r e l a x a t i o n
processes in the retina have been shown , both experiment a1 l y~~~ 

) an d
t ne~

r ;,t i c ~ ii y ’ 1 2 ) , to be much faster than the observed -3.5-2.5 so : optimu m
in te rp ’ i lse spacing .

(2) It is further assumed that the prima ry light absorbing sne cies
r- esponsthle for the observed phenomenon is the photorecep t or pigment. It

• r’~~~ been amp l y dn ’ronstrated that brief , intense flashes saturate tk* e nhQtO-
“ece ntu rs at 50.; conversion of rhodopsin to its bl -ached ,~ hçtoproduc ts 5’ .
Oince the time scale for recovery of bleaching ( -30 mm )’ 3) is much longer
tnan t1n e time span of interest here , recovery of the li ght absorbi ng speci~c

2-6
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TABLE 2-2.

THRE SHOLD POWERS AND ENER GIES FOR REPETITIVE 10 ~sec ,
514.5 nm LASER PULSES AT OPTIMUM SPACING

ED5O* ED5O* Total Total
No. of Interpu lse Threshold Energy Enery Energy
Pulses Spacing Power per Pulse n Pulses (n-i) Pulses

(n) (sec) (mW ) (~jJ) (~ J )  ( 1,1J )

2 2 . 5  ‘v .72 0 . 7 2  1.44 0.72

3 1.67 ~41 0.41 1.23 0.82

5 1.0 -‘.25 0.25 1.25 1.00

10 -~O.5 “.23 0.23 “.2.3 2.07

+ Incident at the coriea.

I-

I

I

1

_ _ _ _ _ _ _ _  

~~~~~~~~~~~~
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-‘

~~~~
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~~~~~~~~



-a r be cons i Fe - e l  no - :  1 91 1 e. Thus . ne co’i t n ,t ion o ’ ~~i ‘ ~l se
toe - -e t i na 1 cens i ti -

. m 
~~~ 

is j’;su~ime4 -lecrea ce Oy S icc e ss i  /e f : - ‘ .

t w o . Eq - ie t i  n (2_ i ) ,  ‘-‘“ ji ” exp~’u-~ses toe t i - - l u  pOfl i~~ r C- _ 0 ’  re ’ jn~ji
Sr ’ 5~~ t i  , i t’j an lv f~ r ~~

- -- fir st p~~se. n t O n  be - - w r ’i’ ’ en ~~r- eac o p
in a t ra i n  -of n pul

A’ f . )
F (t) ~ -- (2-11;

2n

0 if t ~ ns

~~
‘. ‘~~“C f n( t )  is given by Equation (2-9), s is the in t erpul ce spacin g , ~ n m 1

A neco- -mes the new nornal ization factor.

~3) For a train of n pulses we consider only the eff ects of toe
last ~n-l) pulses . In other words , it is implicitly assume d that the
sensitization el Hct is independent of laser inten~ity (14). This as s u m p t io r
i’; consistent with the double-threshold hypothesis 1

~3) and has som’le inter c~ ti-:c
co! ;equences which are discus sed below .

(4) It is nece’;ary to  make some assumption regarding the fate or
role of the presumed transient intermediate state. It may be assumed that
state “C represents a real intermediate species , wh i ch itself is subject
to ..iooJe or partial destruction by absorption of subsequent laser puls e ;.
Al ternat ive ly , state “C” may represent an intermediate species (or a transient
cor- di tion of the retina) which , once formed , is unaffected by subseq .ient
laser pulses . In t h e  fomer case , the pool would be depleted by s u c c e c s i v e
pulses and the cumulative effect would be expected to satorate at fewer
pu lse s than in the latter case where no destruction is ascumed. Both
c -ices have been treated and the resul ts are discussed below.

No attempt has yet been made to calculate absolute threshold powers
or er~er9ies , primarily because there exist insufficient experimental dat a
on w’-ich to base a damage integ ral” . However , if ~he two-thresnol i
hypo y-esis discu sied prev Iousl y for dou b le pulses~

3) is verified expo ”i-
-o€ n ta1i ~~, it will be a relatively simp le matter to define a numerica l
damage criterion and calculate the power (energy ) required to induce
retinal lesions.

From Equation (2-il), it is seen that the cumulative effect of n
s uccess iv e pulses can be wr itt en as:

G (n ,t) = v-)- + f(p) ÷ + . . .  + 
f{t-(~ -l)s-

= f’ t-(k-l)s i (2-12)
k-i 2k

who ~ru s is the interpu lse spacing and , as before , f(t-ns) 0 if t ~ ns .

2-9
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If i is ~jr st a , -s4 ’m ,i : ‘h , t  t ~‘ . l1 - :dc~ pr uh -r b j l j ’ j t n  t_ ’ - - ~~~~~~ ;~~‘S--
is p’ -

~~non ’t~ nal t’i :‘oo.~la ’ ion o f -;p~-: m e s ‘‘C’’ inc  ~ b j  to . - pn i-; io  •~
(‘i-i ) pulses w r e n - I- ‘0  is out ~ub j- ’ct L- dest ru c tion ~~/ 

1 r m ~ - 1a~ ” a O l
~~‘ m ’ ’ m  f~ r ,3 ru gi uef l  n-~1 se Se~ d rd t i  )f l  t Fo- ‘‘ ham ~;d~~e i f l~~e ; . ,i] ’ ’  s i : i p l j
Sum o ’ t  ne ipp r n pr -i u te li no - -io u ]) z e i  va lues  of 0( n ,t )  ~ c c ’  t i~-~- each
s - 1cc es s i  .-e p ul se is d c l i v ’  r~~J~ Thr two pu lses, the op ti -- ur’ i n i t - ’ ”O i ’ 5~
soaci no is ca l culi - - F to ~e 2.4 sec armd the d , ima- ~e thres ’— cl  F i s  o Jte r ‘, ‘~~~~ ‘

in toe case o~ thrne or mo re pulses .

For m ulti pl e-pulse exposure trains (n-2), the optimu- - ret inal sensi-
t Ivity - w ill occur at a spacing, s , such that the sum of the values o~ ~(n ,c)
e’ .al ~i~ ed at  each t i ne in terval  ( t = n s )  is a maximum . T on s , mu lt ip l y ing
Eq ua tio n (2-12) by the normalization factor (,a~ ), the sum to be eva lu a t e d  is :

fl A ’  1fl fl j - l  fLs ks 1
A t  G (j,js) = I f(js) + t ~~~~~ (2-132 ~~= i j=2  k = l  2 J

A BAS iC langua oe computer program was written for the Hewlett -Pa - a ’ -d
9,~)3Q system to carry out these ca lcu lat ions.  The result ing equat i on used
to fit the data is:

161 1
= ItA t G(n ,ns ) x (2-l- ~,

where 2 is the threshold power per pulse (mW at the cornea), the surr”-ition
is defined by Equations (2-13) and (2-9), and T is an empirical correcti on
term to take into acco unt cumulative effects of strictly thermal m echanis m s ’ - ° ~~~.
The correction would only be important at very high freque’~cies (i.e.. sho -c
interpulse spacings). The resul ts are shown in Figure 2-4 for A ’ = 5.7.

It car be seen that the fit of Equation (2-14) is rather satisf a- :tory
for 2, 3, and 5 pulse con figurations. However , this version of the model
does not ii e l d a saturation of the cumulative effect at n 5 pulses.
Instead , this model predicts that repetitive laser pulses continue to
demonstrate a cumulative effect even beyond 10 pulses. This feat~ ”—’ is a

~og ica1 con se- iuence o~ assu m ption (3)  above , namely that the ma cmm it uoe
• of retinal sensitization is independent of laser intensity which is ev de’ ~~

not the case.

The results in Figure 2-4 suggest that if the i ntensity ~f the first
pulse is sufficiently high , subseq uent pulses at low power can induce Jamaue
if enoug h of them are delivered to the retina at a spacing of 0.4 to 0.5
sec. In other words , thjs version of the model adequately describ E ; the
tw o-tbn~ ’-bo1’1 hypothes is ”- 3) discussed above . This is shown more clea rly
in Table 2-3 , which compares the predicted and experimentall y observed
results. These results suggest that in addition to the interpulse power
dependence fur two pulses , experiments should be undertaken to test toe
equal energy relation predicted for the ast n-i pulses for multiple-
pulse exposures. The results would i mmediately confirm or deny the v alidit y
of both t Oe two-threshold hypothesis and this version of the multiple-pulse

2-1 0
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r c F l  . :n i l- l i ’ ~or , i f  the  results u - l i  l u e  ~~~~- -  ‘iu- i c l  , t~ en Soc n u : ) o c ’ i -~~
,

0’ a no toco c ’o i i  ~d O d q e  ‘- ‘f ’ c nj n l s i n ’  will se p r o v e d .

,“~~t , ~- n ,  j l ’ - r  t he -c i “ wriere stat e ’ “C” is j r u s u : ’ d  to ho real
‘ - - -

~~
- ~i at e  ~~~ ,~~ ~~~~~~~~~~ fo r ied :~~ t h e  f i n~~ n - i ~ il~ e; i ’ d  : :cstrc ,~ F ,

wh o l~~u --or in o i r t ,  by t o e l as t  n—i  pu lses. I~ is as~ ur-~’d tk it of toe
a - a  of “C” ( C  rnned by the f i r s t  p -l se) , a v a i l a b l e  when the no - ; ,n-l p
a’ -r i .es ( t  = S F  . 50 is  destroyed while t he sec ~ rid pulse simul ta - ’~o 4 ;  i - y
c on ,e rt ;  50~’ of toe remaining aboorber pool to state “C’ . The third p uls e
then destroys half t - e amount of the intermedi ate available at t = 2s ,
and so for th. The net effect i s  that the maxi -n iun an oint of tne pool that
can  be destroyed is 50 ar .i the overall retinal sensitivity (E’- 2—13) is
reduced by half. Thus , an equation similar to (2—13) is emplo,ed exce pt
tha t  “e double summation w i l l  be missing a term of the fo ’ n; f(s) (2 . The
one~ a b e equation for  depletion or destruction of species “C” is c ie ;c r i oed
by cq uat ions (2-15) and (2-16):

P = x (2—is ;

A G’(n ,ns) = A G’(j,js)
n j=l

fl j-l fLs- k
= -~-I ~ f(js)+ ~~~

, ~~- (2-la)
‘ jj=l j=3k=2 2~

~~1

AS before , f(ns) is given by Equation (2-9). The results for 2, 3, 5 an d
10 pulse exposures are shown in Figure 2-5.

The symmetry displayed in ri gure 2-2 suggests an alternative mooch ’- ]
approach; nam ely, that either a Gaussian or Lorentzian function miq nt y i e l d
a more satisfactory fit. Both functions require only three arbitrar ~
pa rameters although the biophysical significance of the results woul 1
c l e a ni / be open to question. in any case , neither of these functions
alone gave a satis factory fit to the data , although the Gaussian an alysis
d id  p’-o i ide same -jse~ ;jl insi ght regarding the fo rm of the equation corres-
ponding to toe smoot o curve in Figure 2-2.

A Ga uss i an func ti on of the form :

V = C 5 exp (-{(t-a)/b}2) (2-17)

has a linear transform expressed by:

/ ln (C0/Y .)= ~~~~
-
~~

- (2-18)

A set of data can be fit to a Gaussian profile using a simple least squares
analysis. Taki ng the positive root of Equation (2-18) for t a and the
negative root for t - - a extends the region of the linear fit. Figure 2-6
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i ,  ~~~~ r e S ; . l ’ - - ,~ I’~ t he ( i n t e r : o1 i’ ’ I l )  da t i  S now ’ in r i-ju r~ ~?-2.o~- d :n a t o is si -pl y :

z ~ n C / ( S — i  ‘) }  (2-1 ?)

~~en ’e S is tn n ’ - t  ‘ial s nsi i u i . - (Li 2-1) mcI C is a normal i c it i~~n
fact r _ T b ’ , i p L ’ — i ’  - F 1 4 -  ‘~~-~ 1 b e a r ’ n — ’qions:

(a) 0 t 5 sec : V . = — B 1 t (2-2fl)

and (5) 10 t 25 sec: Y~ = A~ — B t  (2-21)

T’~- . 1  J e s  af the ‘cur coe ’fici ents ah t i i ned by least t]’Aaro s anil r-is i ’ e
in ~i m e d  on ~nc f i i :Jre - These result s suggest Stat the Son si S - i i  Sc cur
is C - p O S e d  of  overl j ia n n j Gaussian profiles: e.g.,

S— i = C 1 exp (_{( t_a ),1b 1
t~ ) + C8exp (—[ (t-a~ ’b 12) (2-22;

in ..~h icn  case toe tw o lin ear reg i ons in F i gure 2-6 wou ’ F repr eSf ~o ’ n o r  -
ierlap hc—~-~een tne two expressions on the righ t side of Equati on (2-22).

roy c - i cai -:~~ ninq can be attr -ibut ed to this analysis if the s ensi t i ui’ ~
cu r ,C) is ewed in te n -ms of the kineti cs of competing j rst-c’ Icr a rs c e  so -;
o’ di~~fe’ - e n -S species. For example , consider the case of two transLIn~
species, S 1 and S - , which disappear by fi rst—order rate processes:

k
s - ~_~_L p 1

k. (2-23)
s ~~~ p

If , at a given ~aie1e ngth , both S : an d S 2 absorb li ght more str an : ’ ‘ ‘ - a n
their respective products , P 1 and P2, an overall decay of the to’ -n ~~h ‘~ ~~
DT, would be observed. Since DT is simp ly the sum of the absorban ee nm ‘ -

of the two species , D 1 and ~~~ , attempts to analyze the observed abso ’: m r c e
decay in term s of first-order kinetics would yield a result qu l’ si T u I’ -

to Fi gure 2-6, That is , a semi-logarithmic plot of vs. t wou l v1 . -- 1
a plot of ln (D e~

< i t + D~e-k , t) where D~ and D9 refe r to absorbance c - a ~’o
at t = 0. A ssuming that P 1 ‘ k~ , the usual treatment (6) in such ca-sen is
to dete r-nine D~ and P ., by linear least squares techniques at time , 5J ~~~ 1 C 1 - ”

long that contributions from the other term are neglig ible. At s i s r t - ’ ’  t b ~~c ’

contributions of the second term are computed , converted to abso rt ince in~
subtracted from the overall absorbance , 0T- The logarithm of the re~~~~~~ m 1
is in turn subjected to least squares analysis , thereby g iving good esti -- -r-
of all four pa rameters. Computer analysis of such Pinetic processes is
commonplace in photochemis t ry, radiation chemistry , and biochemist ry .

*~~TE : Th~~~~ p~~ i €il d~~~~~
’h

~ wn in Figure 2-6 and the foll - )wi ng f f ~~u r t ’
were taken from earlier calculations of the ED50 thresholds using a combi ”~- 1
probit ana lysis (15) . The points shown are only slightly different trom
those listed in Table 2-1 .
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t i ne  - l - ~~r I F- :e of t r i o  fon ci ;n 7 (E-~ 2-l~ ) ,-, - ana 1 yce d in
w a y . 1°:

—k — k tZ n .  ]S -1 1  = n (C 1 e -
~~ C ,e - )  (2-~~)

Equation (,i-?4) y ields a new computed retinal sensi ti .1~~ / f u’ ic t i ;n:

S (t) = l+C -- /exp - (ln (C 1 e~~1 t÷ e~~ 2 t)J (2-2E~

Thj5 ‘~ncti an is shown on a linear tine scale in Fl i~re 2-7 and the agr-1-:m- ~’ ’.
with tne experimental data appears to be rather sat i n °a:tory .

This f nction can be used to compute relative thro~~Ol~ ,a1 Ps L i  a
tra ns formation of Equation (2—1) :

ED50(t) = sç~J 
(2-cm)

Toe ‘-e sult is plotted on a log—log scale in Figure 2—8. t ;ain , t ’e ~~l ci

satisfactory altn oug h a somewhat better fit can ue obtai ’’ci i all a :
me nt s in the parameters , es pec iall y C 1 and k 1.

As shown in Figure 2-9 , the fit achieved by s cces si,-~ c H i ri ;-n o~Eq uat ions  (2 -25)  and (2—26) is less than satisfactory fe’- i l I S- ~’ t~~
- .=

cicobi e-pu l se case. These computations were carri rd Dut as i~~
- c~

-
~~:

p ro - 4 lo i s l y  (Eqs. 2-13 and 2-14) and i ncorporated the iss-v-cti n~~

toe available pool of light absorb ing species , only 50~ are a~~~c *o~ S f
each pulse. The principal differences between these compu i s i a ns  a ’ d
those Jescribed earlier are the choice of the functional form -of the
se~si t ivi t ,’ of the retina and the neg lect of thermal correcti on s in the
l a t t o n ’ case. In addition , the new function (Eq. 2—25) r-e~ui res a di~ ciror:
r i nr - il iza t ion factor in order to fit the double-pulse data at opti mum
pulse sepa ration (-2.5 sec).

it is worth repeating th at the double -pulse retinal s e ns itivi t~ ca rve
w in chosen sim p ’-j as a an enient way to represent the threshol d ~ata on
1in e~r t i’ :e scale i n  order to derive an anal ytic expression applic a b i ’ - to
o~”~ r m ultiple _ pulse configurations. If it is assumed that the c i nct i -~n. 7 .

(E q .  ? -
~~~~~~ ) i s  a m e a s u r e  of retinal sensitivity , then the overall L inetics

repre sent f- rmation ~f two transient species (or other retinal ;rnanges)
w it~s relaxation times of -i •6 and ‘~55 sec , respectivel y. This :na~ prove
to ha i s-’ mo re mechanistic significance than any other aspect of this model.

C .  qMn-t °/\TIVE ~rFELT S OF REPETITIVE _ LASER PULSES: 1064 vs.__514 .5 no

The preceding discussion of presume d photochemical or photobiolo gical
- Im age in the retina , resulting from cumulative effects of su cessive laser
pu lses , cr fers no serious conceotual difficulties for the case of visible
radj aci r)r , lhe photoreceptor pigment. rhodopsin , a~sorhs very strongly in
t~ne mid-v sible reqion of the spectrurn (5 ,6), and quant um conversion of
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.i -, iDi e 1~~,’i~ irl ’ ’ -~5 ‘ C-)l’ - fll- ~~ - ‘ ‘- ;-A ’:n - ‘ y - -  i i - I  O , n _ ’~- 1

“- i L  t I -‘ IS I noD 1 ~- -o  ~ni - 
- ‘ u 1 : ‘  ui~ - c - .

- ‘ ‘ e - e S  ~ in - or l - . ‘ - ~ i , - • -j , ‘ 0 - • r ’’’ 1 :- n -

v : ; i t l ’ l i q ’ t n ’  : -  - - - ‘  :1 - n is’ - r - -~~ - ‘ 1 4 ’a ‘~~t _ m ’ i l  ~o i ’ - - r -  ‘ in
/ 1* ii I 1 ‘ 1 1 /  ~ , 1 C n i

~ ,‘~~~ - 7 n - 4 iol ~~ e.. a l l - S r i ’  - ~~~~~ ‘i A alco’- i l ~~~~~~~~~~~~~~
o~~ 0

’ •vb l ii are CII I pen us Ss ~~
‘ - - ‘ o c ;- in - ~c1 e 

- 
~~~~~‘ - 

- 0 1 1 5  9 d  1
p 0 - t O m ) . opsin , h is t - - ’ n sn ow r ’ ( - - )  1-) :~~‘ u n e  t- - ’ e n a i l ,  1 i . i 1 ~~ - -.-en :r
~~ ‘ - ‘  s ’ato t i n  ,-,r e r l  hi,n d  e i S ne r  5- ~ the c h r s i - o : b o r e .  n e ’ j n _ m l  (Le , 1i - c - c
,i tanii ni A a i d - n j - I t ’ ) ,  or ~~) o uter -se - ; ent 1er:Lr - m n - - S .  ~n a-ldr i i i , prolq’ I- : --
o r i ” t e ’ ; n e  e~ p o ; i e o  o~ the r - et jç u i  so ~is i 5 l e  1 i - ~ht c~ n , i - : l ~ 5’2 _ m i  1°

0 cii ” ians m , wni cn ma , ei~~ior sa ’ane tri o e t i f l f l  On -
b - - in - n 0’- s- -nsi’ize ‘ “c expo- - - - i  i r~ -i t o  ~ -i u s ~~ n-i s ub s e ; .o rt  ‘- -ad~~a~~s o n ,
Casi n ~ra~ ~- ‘n tn an -e i iso  i ispi I sn cc by Sh~ I flc ’SI cs i ov a l -i ’rd in m ol ‘~i p ie -
u s e  ret i  na l ~a u - ace .  Tne opti:sus I nite oulse np~_ m ci tics o’ 1—2.5 sec COC

10 s o c il sib i e pu ises (~ i and 0.-? to Dci s-cc ‘or 300 nnec n e a r - i~ pu lses ( - )
are ~~u ’: l o :o ’~r tn-i n t~ - i f : c i i -  ~ b r v ~~n j - s ij s t ranS 4 - - r: t j f l ’~ r e i i  ~t -
in e u ps _ m n ~ 

1 D m ,i / 1 , -~~~~~ 2 Ia ~ev r in i ri
ca lcu lated t r t  th e  - -os -~~~ ’r - - tim e f r  tr~ J ~~~ hf jn du e(j :atb on oradie ns in
a single rod sac is 0 . 5 5  sec at sa tu ritir - : inten t ties . T bi~ compa res
‘a,o ’a Ll ~ w t b  the m o l ecular dif f4 sio n n -~~:os ( ~~lH cm sec~ ) ca lc ol a s -~o
L i  na ci ns (3°, for fr~~ co nes and pri --at - - - i - a l  cones.

In ~- e ne a r-infr a red (IR ) req i rn . - - - 4 e ~~ . cJ T u l d 1 , e  C ’~~-? ss ~~
~~- laser pu ls ec are d i  ‘‘ic ,lr to nnt e / -n”et I’ 5 - - - ms or  ely/er

s ’  - I c  or t b~~ - -- 
~l eci - -cts . F i nj ~~r~ 2 — 1 0  - bows reti na l dama —t e bresi ol- :n

~C t : - - ’ 1 r ~e -S b~ Hems t r e e s .  et al ci’ ‘~~- : “ S 1 s i . o  Q-s u iscb ’ , -300 nsec )
— -t n~ laser - puls es - T h -  r e r a - -

~ ac- ic simi l - r r i :-es~- - - - sr- - ~ t h ’ e s r
p- c- f iles a n d ~~1 -I - ,- ~~ - -- ~~~~~~ A sin g 10 ~sec. 5~ ~ci nc -pul se s s - - f - Fi -i , 7— i -
led t~ ~‘ s - -  we- c .- e to 5~~’ :2C ,la~ -’ ‘‘at e i t n ~j r ’ ~~~ n e n C - / — d c m h l i n S  or t.-uu —

‘ c - on i nn o rp t m on  of  1 ~ - on i d S C n  r ad ia t i on  Win in . -a1 - .‘ c :- I.

Quint u - I C - l e r S ion -of - ne i nd ci’S laser pul se is consi -i~~n-~~d essen t ial
ocii ‘-“ the first cisc. That is, toe lo - ,n l e—n ,lse th ’-e sho ld d]”-aqe . s’~
e ”-~’ot 0’ tne fir st pulse is conside re - S be onu t~ c , wn :re l -  t On  ii r: ” - -

~~~~5

in f4;ed Si the second pu lse (e g, , th- -n ’il de -i radatio n of fm-ce ops in) are
not ‘- ale I out. Fror toe re l a f lu e int en sities if vi sible an- i r T e d n- :~
n -ciiat i afl re _ m u i r e d ti induce th resh o ld  d i r - ac e at opti - torpulse - n a c i n :
(viz., - -25 ‘;~~ at  51 1 - 5 f l - - ~i S - -20 -4 at l06-~ ni i) ,  a frequer y_ doubling
e’ficiency of C l  was tima t - i~~

,-fl tu be su f ficie n t 4- o convert  nea” - IR
li or pu 1 Ses to t h e  necessary i nten sity of visible li ght.

rre I ,-~ n / dn, sLi i ng, or SN and-h a r mon ic generation (ENG ) , r-esul ts fn~~r r

a coop] e ‘1 ’  o rdc ’r- ia’ I be .-e”i cohere n t 1 i qb t and h’ i-c - a nd electrons in a
non-l in ea r ’ c - d i urr 31 sunS as an anisot rop ic cryst al. The eff icien ry of

SHG d ‘ ‘ ‘  - ni I v i  ri e ’ - ~ ‘ ~m tors , i nc 1 uni I no the was ‘length , mode pj r ‘ -~

and t ow ’-’ d - r , i ’  / o ’ ~ r ,- in ci 1c’n~ l i e  - beam an - i the t n i C~~n i ’ - s S  of the
nc r i- l Ifl ’- - in me di -, IT1 ~r1G in biolog i ~1 issues S n  b ern i obse--ved by Fine

- I 1 - - ( 3d  -~r Yre ’c’ e- I , 1). , ,~j i 4 . -~ pulses (60-90 nsec) of i-g - 2 .3 no
laser li n t ’ For -~~ 

h 0~~,, (.ornea ( - i ~ I and lug) ari d other col laqe n~ us tiss ue -
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~i ’ V  -~e a s ,r ’e , u ’  a; ‘ - ‘ t i C i - ’ , -~~~~ 1~~~’ ~~ j ” i l - - ~~ -~~~ - •-, c~~’ 5

7 7  ‘- ‘.‘~ cm , “e/ f lO ’) - . ‘ ,‘,~~~~~~‘~~ ‘ . ‘ ‘ ‘d i tri o ~~~~~~~~~~~~~~~~
f~~ SuOS — _ i - n ‘ - ‘i~ p - - 1’ i ‘ i i N r sca S - n ’ i r  co I d 1,i , -- ,~~ a ~c —, ,s -

‘- ‘ : n n t n n t t ; ’~l ~~~~ a do- iL - l in a -~~ f - - : i~~r - - is 0 1 5 1  - i s  10 ( 3 , 1  )
- -: rIm ii :~ (1-2 - .‘ c m -  lass i ng #~ n ’O tuq ’ i  a I- :5 ~~~~‘: -  -ii n- - ‘ - (

c ’ . ~n ll i n e “ e d i - A m  as ~~b i is toe ‘-n --m s lens ( 3 , 5  or’: ) ~s c :~ ~~~j~~~ 1r- , 5

i ’e-’oi rn s to be obs e rve I expe r - IOI L-n s a l l  - i ,

-t0 alternative m n l e : h n n i s m  - jn7~ c j n t  tc-e ~,s t eS ic a1 r - - -.arsi b le
pn~~t o — t e i  -;ger by nea r - — R l a-:~er pul ses is bi 1 no’cn ic ab -s r pS i ‘r in t’
snot :  - e se p tr ’ r ~i :‘ ient.  This e”~- c t  no - s been ob-s -ar.ed in a r ;‘-b .r - 0~ fl~~ jf )_

ca rb ns. b o to in toe crvst ali: ne sta r” an I in fl u i-I so] ~‘i n , ~n-1 .-e - :

abmr ’ot ’on cross _ sec ti ons cir -- -~4.3 ---:r la er r a’liatio ’ h~~,-~- beer 1oS- -eo’’:et, a -- -

Based on s—ese va liie -~. one can esti ma te the nrc~-~ t~ l it ,- o~ s,- - s n - ton ib sor :sis:
in m~koiopsin fun ’ the u ser in tensit i e s of interc t.

The molecular crass-section (:atr-Le’-tian) fi -r sin ‘ie~:~ -s on aS- s Sr : ’ i - in
( - . )  i s  related to the deca d ic m ola r extinction coeci icient ) hi ~~~~~~ ’:

= 2~~~~~~ = 3 824xl0~~’ (2-27)

where N i s  the A -ioqadro number (6.023x10°’); has units of lite r -io1e~~ crr i ,
ar- i n , has units of cm t mole cul es ’ . The Beer -La--:bert ematio’i ‘or int ’ i r 5t54 -
of li ght . I , tr a n s m i t S - - I through path length , 1 (cm) is:

I = I-3e - n l  (2-27)

where I is the int ensity of the incident li ght (ph otons sec 1) and n is the
cons ” tra t ion of the absorbing molecules (n_m olecu les /cm 3).

For boy i çc rod-outer -segment rhodopsin , the decadic molar e ’tin c ti :r,
coe ”icientci~ at 498 nm (

~~~~
-,~~

) is 4 1x ]0 liter mole~~, which ~ro~
Lit 4at ion (2-27) gives a value of \-L6xl0~~’- cm- mo lecule 1 for the sin~ie-
pn t-’n absorption cross -section. For an optically thin aS ;orbir q mcii
She ‘i ’-? of single _ p roton ab~u r - tion (R 1) is:

P = 1 0 - 1 n 1 = I ’ - ’ 1 n ’ photon sec t (2~20)

wrere n ’ i s  the total number of absorbing molecules in a cy lindr cal vol - Jo n
e l: -’ r r~’ of area A and length 1 (i.e., n = n ’/Al ) and I’ is the irradi an a
(L~/A) in photons cm~ sec ’~~*

* It follows from Equation (2-28) that the fraction of l i oht absorbed in _m
-: path lenyt o , 1(cm) by a concentration n(mo lecules cm 3) is l- exp (- - 1 n 1).

To the e x t e n t  th at this term can be approximated by -~1 nl , the sdcaile is
said to be optically thin. The actua l number of absorbing molec u les , n
(e g., -5x10’ ’ molecul es cm~~ fo r bovine ro d ou ter se gmen ts --- ref. 31)
need ~/()f be in cluded in these calculations since it is assumed to be
constant fur the two cases considered here .
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‘‘ °°‘°  ~~~0 P ,1 5 0  1 ,,~’~.,1 0l1 1 : ~ ~00 l~~s - ~r - i t i ~~’ j o ’  ci

25 -- .~ n~ ‘ ‘ - ‘ co- - a . :- ~~- 1i s i ’~~~-~ r -~~ c i i  ~5 ~~ - - ‘ : i  to m 25 in i~~j ,s S~~
,

- i t ‘0- ’ ‘ e t i n m  , t n - - s ” ’ m- e ‘~~n:j 1 tr ead - e - - ~~ . , is qi ,--n i  -

= 
25. - -

~ - - son ~~2 , 5 ~~~~1* pnot ns i 1 xd , :

~( - ‘/) ) c-’-

2 \lu ‘ :oo ’ r-s nec~

.-‘ :e -~ the ~~ * ~ :f 3 f  r s  s~~ - 
~~p r -  ~j - a t - -  t r i n ci ssion of t b-n an terior

OC - J l ir - r: -~ 1 a i t  ‘ ‘ - i s  ~‘ a  ~e 1 ‘ ‘ ~~~~ 
I)) 

- Sub sti tuti nq this val u e toqetner
W i  ~n t ”e  S~ n : l e - S ’ ) t r ab ;ry inr:  cro ss—section into Em l *i on (2-29) qi ion
tOn ra ’- ‘ in so rot  ion:

= 3 .?x lO c- n ’ pha ton sec~~ (2-31)

Tm rate of sii r~ l S _ m n e~- - , bi p -h o tpn i ç aOsor ’p t t - n  ~P~ ) is proportional
to toe sq ,are of th e - 

~~q h t  ser isi ty ’ ~ and the t-.c ;-p~ t o n absorption
c rc - s - se ction. By an aloqy So Equation (2—29) ,

R = (I’-l)2~ )n ’ (2-32)

whe— - ’ I~ i s  e x p r e s s e d  in units of photon cm~~ sec
t an t the subl e prim e

denotes the longer wa iele n :sh , -c-lOGO no , wh i ch is also ass~me : f-c ’- -i i . By
wa y of compa ri son , for pol y yclic aromatic hydr c ;-n r c-on -- (e g. , anthracene ,
tetracen —c a . etc.) rances from about 19- to 10 -~~ cm ’ sec photon~ mole c~ le -

f-o r e,f laser (6?~ . I no) e x c i t a S io n~
34) . t ho ; , f o r t h e  same -density of

absorber -s (n ’), compa rison of Equ ation (2—32 ,~ with (2-31 ) shows that tc
ant i c- ic eq ia l absorption rate-; h~ one— and tw o-pb -- t s n processes at ~500ar- I 300 no , re specti -i ely , the irradiance in tne latt e r case must be )n
t’e ~rd c-r o~ l0 / o n- oso ns  cm 2 sec t a t  the retin a . Assumi n g as be fore ,
a retina ’ i mage radi us o~ 25 rn ~nd~~ transmission (at 1 0 0 nm) of 0.2

toe anterio r oc u lar m edia ~~) , this pnos-a n densi f-i at the reti na
c - o ’ r ’es c - on Is to a pO~ ’ r  o ’ 5 W at t h e  cornea . T 4 , . -s , it w rul d aop ea r t o  ~t
t o e  m ini -- ur n mii i tiple- p ulse thr e- on ol d , 25 ~~, for ~- Sw l teob -a d 1254 nm laser
ra d iat ion ) i s  too low a factor of about 200 for tw~ - p n - s t o n  a h s o r ; J c n
proc c- ;es to account f~r the observed Ia r aag e .

The -~‘al ’ 4c cf l0~~ p bc - t o n  cm~~ sec should be regarded as an uppe r -
limi ’ since th~ visible light intensity actually required to induce the
p’-e ,u’-ne-i phot -o-tri ggem - may be considera b ly less than the value ca l cu la t — ’c
(La . 2-30 ) using the multiple-pulse damage threshold. This , in tar ~~, wou l d
im p l i t n t  a lowe r intensity of 1064 nm radiation would be si ffici e ’ - ’ to
i ndun ’a the photo -tri gger via two-photon absorption. Therefore . ur n i i a
reasonable estima te of thi’ photo -tri gger threshold can be obtained , involve-
--- cr5 rci biphotonic absorption in retinal damage induced by re p etitive near- IR
laser pulses should not be ruled out.

In suma ry , more retinal toresho ld data are required to explain the
p a r a llel results of retinal damage induced by 514.5 nm am -I lf ln , a nm laser
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pulses. Both hypotheses invoked in the latt er cane , v iz. , sec o nd—harmon ic
qenn r~1t i o n in the anterior ocular med ia and biphotonic abs orption in
rhodopsi n , can he veri fied readily by in vitro experim ents using a Q- -sw i tched
~d : Y A G  or Nd:g lass laser on the extracted ocular components . Pr eliminary
experiments desi gned to obtain mult iple -pulse threshold data using a 100 kW
pulsed nitro qen laser (Avco) with a dye laser attachment were unsuccessful
due to insufficienc y of the neak oower outout of the system. Other e~~1le r 1-
re nt s jnvo lvinq laser -induced retinal lesions , possibly of photochemical
oniqinU. ?) are discussed in Chapter 4.

I
I
I
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CHAPTER 3

IN VIVO RETINAL PROBE EXPERIMENTS

A. David Nawrocki , J. Terry Yates
and Ronald F. Lemmm b erqer

A. BA CKGROUND

Of the various sensory organs in man , the most susceptible to injury
by laser i rradiation is the eye. The increasing use of lasers has
necessitated the imp l ementation of safety standa rds based upon experi m ental
measurements and , where possible , clinical data . As understanding of laser -
induced injury and dysfunction has increased , these standards have been
revised periodically.

At the present ti rnm e , it appears that the  coneplex chemistry which
underlies laser -induced injury can be predicted reasonabl y well as c lass i cal
(macroscopic) heat diffusion and first-order kinetics. However , recent
resul ts~

l
~ 2) indicate that the retinal effects of multiple laser pulses at

repetition rates typic al of field applications are not cumulative in a way
that is consistent with strictly therma l processes. In addition , present
therma l models ignore possible changes of state such as vaporization in
which heat is absorbed increme ntally without contributing to rising tem-
perature . Thus , both from first princi ples and direct expei- i nment , ther mmma l
n_ modeling cannot be expected to predict effects of all possible laser para-
meters , in particular of certain short , intense or repetitive pulses.

Clearly, experimental validation of therma l modeling in such applica-
tions is necessary to establish limits of its overall utility as well as to
provide possi ble corroborating evidence as to the significance om- predomi-
nance of other mechani sms . The advantage of such a model , once validated ,
is its ability to predict ophthalmoscopic damage -- and by extension with
other physiolo gical and ps ychophysical correlates , visual dysfunction --
without the expense and time of generating large masses of experimental data
for each new set of exposure parameters .

Briefly, ther m al effects of visibl e laser i rradiation in the retina may
be understood as follows : wi th the exception of the pigment epithe l ium (PC)
and choroid. the retina and underlying tissue are essentially transpa rent,
and the PE and choroid nm_ma y be considered as a doubl e-layered , wavelength-
dependent heat sink. When a hiqhly collimated source or a sufficiently bri ght ,
diffu s e source impinges on the eye , the PE and choroid can rapidly absorb
and c n r m d m i r  t heat. For laser pulse duration i less than about 10 sec and
great er than 100 sec , the associated temperature increases ip pim - e nt i V C a n - - ’-
rate-dependent injury mechanism s such as deactivation of enzymes and prote in
d e n a t u r a t i o n ( 3 )  as well as pathological signs such as edema , lysis , and at
suprathreshol d exposures, massive disruption of cellular layers.
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Exper imental  tenimpera tm ire meas u re mi men t s wi t.h prohe’; ~iho ç’ t i p  -li m r r- t ‘ ‘ rs
exceed 50 ~um have been suspected of recordin g arti fact s~

4’ )) - M r ’ f ,m l - v a r i e r
coated , quar tz  m i c ro th e r m ocoup les  developed by Reed (6) ,ir _ m d modified 1 / 1 i i n (7)

appear to be more suitable ; tip diameters of 10-30 n’ and tin _me constants of
about 200 sec have been reported (5). Exp e rinm _me nta l measurem ent- with cu r b
probes have been conducted by Welch , et ai . (S ,8) and h a v e been comn nare d wi th
therma l models ori g inally devised by White , et ~i . (~

) r ind Hen r iques ( lO ) .

Research efforts under this contr act ‘i t I 1 i zed I hr r - r rr o c rmi p l e probes
developed by Reed and Cain (ci to ri above) in conjunc t io n with an advanced
con mi puta fional scheme for pi-edictin g chorioret inal spat io—t emm npora l ten iperat -ire
pro fil es (ll ) . The recording /control systems for perf orn ning these measurements
were based , in part , on equi pment assembled by Crum (12) . The chief objective
of the project was to measure spatial distributions and temporal histories
of tenimperature changes induc ed in the posterior portion of the vertebrate
eye by laser radiation. The approach involved visual ly guided , surgical
insertion of the nnicroth ernm ocoup le probes through the sciera in the recion
of the posterior pole.

B. METHODS

B - 1. ~pp~ra tus

The experimental apparatus developed for in vivo retinal probe
measurements has been described in detail elsewherefl2,l3). A hlock diagram
of the system , as ori ginall y confi gured (l3 ) , is shown in Fi gure 3-1 . Major
modifi cations which were subsequently incorpo rated into the system are
discussed below .

Briefly, the laser beam passes through converg ing optics to a pellicle
driven by an incremental , hydraulically driven beam deflector which directs
the beam into the eye . The beam is gated and scanned across the retina by
contro l log ic and clock circuitry . Ana lon si gnals representing the tempera-
ture changes monitored by the microthermocouple probe are anmplified and
dis pl ayed on a strip -chart recorder or stored on magnetic tape for off-line
computer processing.

A binocular ophtha lrnoscope , originally utilized for retinal observation ,
was replaced by a Zeiss fund’is camera . Althoug h an acceptable im age could
be obtained with the ophth almoscope , frequent and tedious real ig- im ent of
t h e  condenser optics was needed to rid the image of corneal reflections each
t ime the eye was rotated slightly. A split filament lamp and black dots on
the ophthalmi c lens of the fundus canmera served to block corneal reflections.

The fundus camera has s u f f i c i e n t  n _ m a g n i f i c a t i o n  to per nmi t the probe tip
to be seen when it penetrates thm ’ retina , and thus facilitates location of
the tip and ali gn inment of the probe wit h the laser beanim pro,jected into the
eye at low in te nsity. Also , landmarks referenced to the o,,.ti c disc are more
easily identified through a fundus camera .
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TIe Kopf StCi- r ’ r ’ t i x i c  rn_ manipulator previously rj- ; eri to dr iv e t b -  p r - r I
d id  not have s u f f i c i e n t  mechanical  ri g idi ty and f l e x i b i l i t y  for the L as -  a t
hand. It wi ’- replaced by a Nari shi ge niicroma ni pulator consist nnq of 1lr ree
trans lat ional st -i qes whi r  Ii was mount ed to a rigid verti ca l post a t ta hr -I
a movable plate on the an im na l platform _m i . By adjusting the posit ion of the
olato - m d  t he  angle of the m i_ manipulator , a preliminary alignment of lI r e
r ’ ir -m ni pr i1 ,p ~ oi- -drive axis relative to the posterior orbit can be a c h i r v r ’ ’ I ,
Fi or - adjus t ire n t of t h e  translational stages pe r _ m m _ mi t~’, preci so probe adju st -n t
in less t inn ie th en previously requir ed with the Kopf mani pul ator.

~hi’ mp :r l r i tus was modified to al low a satisfactor -1- nn tethod of al i qn in ’j
‘ ‘ ‘ -  ,m ni ” al r e  wit h resp ect to the pivot axes of the anima l mount , h is
‘i i’ ’ P d  n ) f l S i S l r -~ of attaching a platfo rm and pointer at the base of the

- m i  ‘al momin . I hi’ ti p of t i l is p01 nter is pos i tioned to i nte rser t. the ho~ i —
- -‘ al and -.r r t i r a l  ro ta tional axes of the anima l n_mount. When an anima l

i-~ i~~ i l  ii e l  ‘i this r eu nrt . for in vivo measureme n ts , the ear pins an t hi Li’
‘ 4 - - r  re an i ’ nr , m l head could he adjust ed so that the center of thi ’ pupil

~~ 
‘r ~~ i ‘i ’ i s- ” r r rui d he ali gned to within 0.5 n_mm of this intersection

[i- ) i ’ ’ - ‘ fl jç ‘hod of cent erinq greatl y improved experin _mental efficiency
s ‘‘ii e ‘ i ‘- ‘ r i o- , canme ’a image tended to stay in f is when the anima l was

o i l  iii q’ r- - r - t o f the fundus camera ~ii th the laser  beam was o rovi  Ii’nl
I .- pOi~ ’ f e r - mou nted on the camera such that its tip , locat ed at the center
0~ ‘ P1 i l i n i i raq i ’ . was directed upward. In turn , the nointer on t h e

~‘n i :- ’ a I n o ’ ’ v i i -  di pr - s t e - I downward. By bringing those nofrmt ”rs into coin —
ci i ’- n r r - ~ir tl r ‘be la - ,er hear_mm , one could effect a fairl y -i- r ’c isn initial
a 1 i q ’ r ’  er 1 - T i  re adjustm ent was then accomplished with a set of ortho gonal
10 j n i )  p ,  -

‘-ti jo r rio - li f i r  a~ ions in the ori ginal beam deflector system were based
i ; - r r m  ru- i- t n- a r  i rig (onsi derations and are discussed in Section C. h’v lo p nm _m ent
0’ ~ - r n  c c, of  i a ]  i bra t ion procedures was requi red in order to assess the
,j ~t~r ,_ mr y of 1 Pr’ ‘earn steering devi ce. After overhauli rig time steppi rig motor
to e l i n r i r r , t t e  occasien,i l skipping, the hydraulic drive systennm was cali b rat ed.
A ‘ ni ’asu ri eq m icr o cope was focused on a reference m ark on the sl -‘ye cy lind i ’r
of the ‘h-v ic e w h ile the drive cylinder was advanced manually. Aft r advancing
Lt ri ’ Ia ft c - c by lOU -rn , the system was found to have a +2 em error; i.e. , the
count er - show e d 100 rn in cr emn nts when the actual move niren t , as viewed throu gh
th e n_microscope , was , on the average , 102 ~rfl _ m . Althoug h this accuracy is
reasonable for this type of devi ce, somr ie impr oveurent could he obtained by
replacing the rollin g di aphr aqnms in the master and slave cylinders .

F va 1 ua t ion of t h e  r i ’ 1 1 1 cli ’ di s p1 ac enr i nt sys tout nice vi’ i-e l ano t 1 _ mi - i -  so ut-ce
of error. ~,n r , m ll ang u lar excut-sions prod u ced positive errors (over-shoot)
whereas larger movements undershot and produrr ’rI negative e m - r r ) u c . The net
eff”c L was tha t P r i - two err mrs tended to cancel each oth er whi r r ,i l,it’ qe
excursion was execr ut i’d . The large ’; t error seen wool d tr ans lat e i ri t e a 20 in tl

— (Jis p lar ernr i ’nt erro r- m m  the p—e ti rm a of a r’Imr ’sus mnn~ r’s’ . F i - ro t -s  of th u s rnaqni —
tude would he unacceptable in some experiments , especially when using snmmall
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‘ no te ’s - r ime ptoh 1 cnn i-ian t p - a r  i’d t o  he rniem h m , ir _ m i cal 1 i n~ , u r j r- Ir e i- . I ii’ l i i  ( Ii ’
and p is ton , and time requi red adj us tm rm ents wet-c ma le -

m i  order to r h r ’ t r ’ n r r r i  rio t he  locus of hear _m i rot ,m t ion , a -~‘ r p  11 p i nhol r’
po s i t i n n s ’ ’l pm a fi - a nsla t ion stage at vario ti ’, I i s t a nr ci ’s h i - m in i the pellicle.

; 

n , lii ’ ’’ _ m’ ifl~ the  F e _ m r s  to and f i r m , i t  was possible in v i s u a l l y  e s t i n u a t - -  t i re
‘ air ‘‘ c i - o s s — e v e r ’’ , i . e . ,  the point at wh ich  the amount of l ight 1 rn ’5S~~ri9
throu gh t i r e  p inhole was inva i - iant .

: ‘ n r j n r m t he  c n r j r c r ’  o f  these  meas uj r - ne n ts  , an other ro t e n t i  a ] proble mn r was
i ’rvei l e t ,  W h i l e  S c r m n m n i n g  t t m r e  bean _ m r of a hel i ’ n ’ n m — r r r ’ o n m  a l i r im n ien t  laser , j t  w a s

- l i s c ove p- ed t a t . ch a r u r e’- in appa rent br iq iu tness 0 1  11-rOd as a funct ion of the
i r i c i - l i - i n t  an u n i l  e cr1 the input beam. It was run t r’ rrr i ined that th is  was due to
t i re  i n tec t r ’ r” nce  ri ogi’ pat tern resu l t ing  from the p d ]  i d o  behaving as a i r
- c  ‘ic al w c ’-l r_ m e . The problem was subsequentl y circumvented by use of a small
i c _ nut surf,o e m m - rn - in place of the pel l icle.

A nr’ -,.j d i i t r ’ - ’’ntia l ampl i fier system iii tim hi gh in put i r r i c’d~tnce , l w
no ise  and low Un ft. a ol variable gain was fabri cated and to’; t i’d. Also , a
I r - r i r r i  ~i n i p ]  lv comm t rolled ev en cha rt er was acqui red. The thermocouple
,m’eF i f i en was housed in the temrrp erature stabilized chanuher alon g iii th a
n - ef ’ n ’ - n ce f re u - rnro ro up l i ’ . This new systr ’r’r pr ovided the ni’m :essary r ia in to
pr’ r- ’ r n it  ‘-1 tape r”~ ordiruq of signals as well as providing i oct-eased noise
i n r : ’ nru i ty fron_m n -~’ron—mode rejection due to di f f e c e rn t  iii d c l ]  fi cation ‘

~~~~~~
—

cedu res . The reference oven per ummi t. t i’d urea I ‘‘r amp] i f icr St  ,1I, lit y Pan the

j mu r - ’ F r i i ’ r r ~ envi ronrnerm t and also provid ed time sap ahi l i t - .’ of ,mb sol i t ’  (i.e.
re i ’ - r n  r d to cor-e ten rpem— a t r u - i - )  rather than rela t ive f ’ - r r m e ’ r -a t n m n -” nmeasr i ‘ ‘ nts

B-?. F1~ci -r m th -rm ocoup le Cal ib ra t ions

Ihe electrical resi stani en of the t h i ’ t - n r a l  p r om -s w i - p r  r imeasured
m m more than a day before their use in an anima l e 

~r ’~- r i r r e n t , t hus sct - -r’ n i rig
r i - it probes whose resistances had chanqed to u n mar c n ’ t  ri le v a l  jr-s (~ 100 or
~500c~). Un the day of an experiment , acc t ’ptabl ” n o t e - S  were c-tl i t ’ r a t r - I  1 - .-
i rn i_m_ m ercinq the probe ti p in a w a t e r  bath and varyin g the trn pr-r a ’ ii . . A Yel l - ,-.-
~~r r - i  i_m i ’  Inst r nnr ;e n t ‘, the nmi _m i stor brid ge and probe wet-c used to  n or  i tor
l a th t ’ - -- m ” ’c ,-m tur e , and the combined voltage response (in m r r ) r rf the r m rj r en-
t henr r re oupl ~‘— p r r ’ a r r r l  i fier system was recorded - The bath I Pi: n to ’n ,m t on’-
; n - m d r i , m l 1-i ra ise - I  over a range from room tenr pera t nt - c t o  val nie’~ r’~ ( i’ed i i n ’ ;

1 C. This n ,l r rr le provid ed an acceptab le  end point for anima l t - ’ j ’ n i ’ i m - r _ m t s
wh ich t h e w r - t i  ill y wou ld generate reti nal temnperatur ” ch a nges less t 1 m ,u r r

S ic.  v ’t it ~~-m ’ ; broi l  enough to a l low asses s ment of detecto r  l inn t ,m r- i ty.
1,- r n  pne l inhi r -i ry r a l  i t ’ r - - mt io m n data , it was found that convect ion cu t - t— en ’
I n  ‘r d r j r  i’’l by heat ing i r _ m t i r e  com umpa ,it lye ]  y large water  bath could ca use n _ m i _ m i s c
a rid ‘I r i  ~ 1 -  - There foci- , a s ni na 1 1 sri rn I,) nor f i 11 ed wi th water  was P la €‘r I i t o  und
t i e  p r r r t ~~’ , ,u ru ’ l t m r r t  h were imm mmo rsed in the water bath.

In tb ’ ’ n t - el i n n  nary ral ibra tions , tr ’rm rpe ra tu m -r ’ I ncr i’ n iu’nts of less I 1 r a nu
5 ‘C -..ir’r r’ nj ’,e r h  so that Ul I r m i r t u i r e , f rm nnm ii rican ty could be detected m -e adi ly
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by a li re - i t -  least . squa m ’ - - f i t  of t h e  da t , u .  ( a ] i F m — ,if ion u - i , t t a  i- cr-r i -  s ’ uff i ci ’ rut _ l j
1 im u e at - so t h a t  onl y 3—5 cal ibra t jo’ po in t s  i-cr -r e nc r - h i  for eac h ‘ n o t e - .

A sy - ; t - ’ - was d e s i r r p r ’ t to allow s i m m r ul i , m rm i ’ o n nn t n - ’ , , - - r m i t n j t r -  a l ih ra ti on  of
up to five ni r  u - o t her nc n o r n r n i ’ l e s  - Tire device consisted of a l au- r e d i a r i t e r ,
bi ll ie - i glass c y l ind e r ir _ mto which was inser ted a L n i c i t r -  plat e contai n in g

fiv e (lass CIIVO t t e; - he 1’_ m r-ç e ( i l i mi i ’r 1- im s HU n -U ~j t P inl e t and o n  t l  e I

n e t s  t o  a] low d i r  n l a t i r r n u  of w a t e r  aro nn n -t t i n e  cu’j r-’ f  tes i r y  mrrea ns of a p r - r i —
stal l ic pump. A call h ’ ,m ted i r - l ’- renm ’’ ther rnnso nip Fe i-.- s si-al i’d i nn t~ t I ne base
of oa ~- c i n - ,’e t t - ’ . The ni s t - n t in i - r r un on ip l e’s i-li-re imrr i rm c ’rc ed in wa tr -t - i r_m t F ,e
r i m v c t t e ;  ar _ m i f i r ’  p la t e m i m n t ; i i n j r n r  the cav i l Pr - , s r - f . in f b i  -.-i ,_mt r W d t , - 5  ( ‘~5- 5O C)
which fi Il ’’ l the l ,p rr e vi in n er. W i_men P 

~~~‘ cui vette t i - m r - _ m  c - r , i tu t - r ’ c  rc - u Jred
sit-i-i ’m— s t ats- , t1_ m e ‘ n - 1  j p e  s yst i ’nnr w , m r, r- ap id l y cooled ny inrHr- r s ion intrn a 1n m r ; e
ice ba t h Cm j v r ’ t te t’ ’ r - _ m - i - n - a t c r r m - c  wi-re moni t o t - t  i i  t i n ’ t o t  i - r i - _ m n e t hc r m oco u p l e s
- m i  a do u b le—po le , rota r - -/ s tepping i-u tch used ~o sequ en t ia l ly  sample tb’
l I n e r - in , o -np l e and pm -nbc vol tacos - r ivet ii ’ ir ’I ’ ,-r a tnn m - e s dccl li m i t at a n-ate
of ~-O ?5-2.0 u” per mu _ m inru ti ’ , so ti _ mat calibration data could he collec ted in
one h e i r  o’- li- - ,s -

reip u ’ - - n sof t -- i re t i  plot t h e  calibra t ion data ar _ m d t i n  li ’ a least squares
str ai r j 1 it l ine  of vol t -u m ’ - vs. te rn pera t---ne was w r i t t e n  for t h e  h c - ; - i l e t t — P a c J  mu rd
9830 system. An c-~ m c p le o~ a calibration curve ev hibit in g t y r i c a l  l i nea r i t y
is shown in F i g u r e  3-2. The val ue of the slope is a function ~f or-obe rrr ’;is—
t i a n te . s ince th i s  dete r nmines the value of t i m e input iir n p r ’ -i r m n ce whi in , in t u r n ,
i nfl uer_mces the ef fc ’cti ye gain of the probe ar_ m c i r~, m n ; l i  fler as a uni t - The
intercept of the - m r - -i ’ -’ me rrr ’senits a good appro x n i t  i rn nl to tire t tf - r l erature
of the n-c ference thermocouple.

B- 3. Sur~ i cal To shni ftues

The - , nt r  j r - c t  wet-c pr -earuestheti call y atr opini zed and t ran- ui i i zed
with k e t a m ’ i i n e  h y dr och lo n- ide . Sodium pen tobar h i t - i l  was ad _ m r_ min i s te red  t i_ mrou q h
-rn ior t - ,-ni ’ l 1 m g  cat im ,’tr ’ t- in a saphenous ve in .  l h r -on ng i r o u t  I be - sur - r j e r -y  and
s IFn c re ni P e x _ m nr - ri ’’ n ’ntation , surg ical l e v - - l s of an esth esia wet-c m _ m _ mainta i ned
by continuous infusion of pentobarbital (7 n_m g/Kg/h i- ).

A f f i - t - a mi dli ru t ’ i cci si on was maU i ’  and a I i n m n inr - ,u 1 flap of scalp was
ri ’ - n i ’ - - t , time t - ~ -o ral rn _m uscle was incised a t  its i m msem lion. Ti_me n_ muscle was
rr f le r  t r ’ rJ an n - I ir ,’nm i sected jr - i the ros t t -a l — - , mn i 1 i l  pl ane and t er _ mmpo ra l  Lion _me was
t e- u n - mi- - 1 ti; aid I nm v i sua l  iz tion of the I 1 - n i n i r m )  I - i l —zy qnni ma t ic fm -ar ’ -n - Time
r- ~~t n i n ’ s id  ‘ - y c -  musc l es  ( e v i l  for the super ior  ob l i q u e ) n-no n ’ excis t ’r i as
wet - - I ~ a t  t e n d r e t  fat pad and lac n i r na l ti ssu ji - . Aft i-i - the 1 ~ls w e t - t ’  rem r_ mov i- t ,
a sclr ’r - ,m 1 ni rig wi n -nt ne i l in place at t he  1 i m_ mmh u s anm l a corn ea 1 coot a c t  1cr_ m s
l r r ’ r t r ’ !. Fr’rat m n mr - t ry rmn ior In n i ’ x i i ’ r i mmue nt m t in l n - ‘n ms u j r -e r l a r n ’e ’ ’r f i t  of ti_me
l i - n_ ms. F xa m n _ m i na Ii nim of t b ni- fun Um u s he f im re am i d after s u I n n  i _ mu ’ a r _ m d 1 er _ ms i in set -ti on

~~c ur-r ’d minima l distortion of the globe.

Followin g nemnm nval of orbital fasci m and on r_ m o c t ive tissue , the
— sd era was vi s n ia 1171 (1 ~~t ti _me pos fir- i  or pole. A h and - lue 1 d ep b m t i _ m a ]  f l _ m 05 m r _ m e

di ri’s f e d  at the levi- -i gave enough trans—sc ] er - ,m 1 i l l unui rid L i on so t ha t  a
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- ‘ti - i -onc e poi nt could he b c  a t o n l  wh en an a s s i s t  ant vi ’-n - : r’r i f b i -  I n o s l o r i o r
‘,-, - ul 1 of ti _ me eve i h r c r m i _ m b r an n i r t u - a t i _ m u T m li i i i-ri s c mm l ii ’ . Al t i - r u u t f  - i v i - l y ,  L i i i ’ s
re f  i n _ m i n i  point can _ m he dn~’fined t r y  the act ni ul 1 - m s - - r spot ‘- rim the mac ula
a s ’ , m e w i - ’ iI t i m m o m i i h  a funulus cam era . In e ither case , a seal 1 sr :len - - ul
incision e m ; nm _ made at t in s point to faci li t ut i ’ r r - 1 P ’ t _ m d t  ion of t h e  p n o t ’ e .
In s -m all aninmal s , cr - r m ’ s jr ti - m - ab le difficult y n-nas me nnmn - n te r - r - I when - m m

n-u s made to rotate the eye so t h , m t th e nm ,_ mc ul a r le g i o n  Wa- ; gas] t i i m n i -  I in
L I m o sur gical field. F xtre m n mo rotation p- i -- c u l t — i t and c a n - i m l e r a b l e  t i f f i —
cul ty in using ti _ me i m n r m t i s  cam era was encountered.

A r m a lt -‘ t- _ m m , i tive approach , (uric in which less ro t u ’ j o i n  f t i e  cj lou - - -
is t - en i _ m red , con 1 1 also b 1 - acco mmn p l i s i_ med. h t -mnu o v~ I ii t a n c -  nnn mi - n if 1 € - n - n r a  I

i - c r i m e  - mi n i the und erlying f m - inn _ m t o— temp ot - n l cer -e hra i con - te x  t r y  c i j ~ u i ~I l
asp i n -a t ion would provide a larqer operatin g field. If lou _ mi - ca r - i - f u l l  

~
‘ , this

orocedure is r-el ati vely atraunmati c . Control of b l e r ’ r l i n n _ m  t rim’- d -~r~ 1 - i nnu l
s u n - f - m c i -  vessels can he e a s i l y  acco nmp l ished by cr unv e otior _ m il m inoan ’ s ~c u1d
sa l icc 1 av a - u i , gel -m t i n foam _ mr packi rig , etc - ) - Tin ’ gm-c a ’ - a- :‘ts r ’ of sd (‘ii I
fenu? S tn-a t ion for probe i nsen-tion and th e reduced ocula n t ot - ut i mt r n n- c a r -

ruua~c this procedure ‘te’; i r it n i e.

B-- A - A fnl n m - / n n t - n  I i’ ro s e d u n r - ’ s

Hr- t ai is of l i  e xp et - i n me n it al proced ures i - i - - I  r i m  o p t m in i  nm -n ‘ i ii ’

t-esu l ~~- , p resent --I in Section 1) ar- c given Pci re - T hi ’  I n - o c r ’ r t nmn , -s -.-
~~- - ‘  - -

‘ rn nti _ m n , s],,~ ad ju sted ar _ m d updated as modificati on , w t - n - i ’ ’s,m - i i - n ’  n b -  a f i p a m a t J s
a n t  su r gi r al t e c h n _ m ’ l n I - - ’ s  The details regor ferl f i r - i  - m n ’  r p r n~~, ’ ,t i lvi’
of expe n im _ m ients conidu~ ted ton-nar d ti me 1- in n of t i n t -  i i ’ n  ‘ ‘act p i- r i od

The i n m s i d c ’ r n t  sou l t — n e  was t i _ m o f A i l  nu n _ mm lin e of - i Iec I,- a- - i’i ’ , s i c ’ s
~- ‘r r el 16-1 n y p t r m ; ice laser. T n _ m i ’ h i ’ am nm n-i ,mc a t t c - i n m n - n  t i - i t  wi ’ -I n — i - i  o i ’j t t , _ m J
i r - r n s i  f ,  fj 1 ~~ i - t  near - t i m ’ - l a - i t -  output n_mi rror a n nd l a s e r - pow’-’ S e ’ -m i ’ - v a r i e d

I - - i  a d m n j s r  i n n -  ‘hi’ tube u r n - - n t . Output was n_ mea s - r ’ - -t u n i t _ m n a c a l  ihn -a ’ i - f
S c i e n t r - c h  U 00 ~owor _mne ’ er . l a d ing ’s  we m c ta - ‘ i  at t i ne - ‘‘‘ n i - a l  p 1 _ m i n i ’
b~ f O r o  and a f t e r  e m ’  P i -  - m e t— i Cc -n ’ and t h m i _ va l ii ’ s c nimm m _ m m - i red w i t  I n n o a dii _ m ij’ ,
ta~ en midway i’n tM’ op ti i~t 1 pi th before , ct u n u i nq and a’  tet  tine n u n .

[le arn s c - u r i c  were t aken a t  a ir-upni ate di s t a n  -~- on c i them - c u - I n -  ~~f

tim e dot - n m - - i l plane f r i  i t  e r r - l i n e  ‘i- mi ni di v e t - ’ _ m er nce ,  qua l i t y  arid ç n  i i i  i m  t -,

of al i - m i m I - n t , and t he ‘ ross -o ve r  pa i r _ m t of the mi s t  o mnm et er - dm - iv c i _ m - l i - f l i t t e r  12 
-

In o r - i - - c  to n n n a i n t , I i n  a - 1 m x w e l l i a n  v~ - - w  of t i e f un d u s , i t  is ne cm - s s - i r v  tha t
the f n i  ml  point of the h i r am —exp a_ m r - ’ fl’~ optics coincide with t~~- i le f le  to r
cn rm s s— o ve r  point . In orde r to vi ’w I_ he fundus , ! ir Lh n_ must he i-n i thin A~ mum
of ~he f in ndt i s  c amnc ’ r - - n obje ct i  ye. Because of rj eouiui ’t n c  t u r _ m - _ t  t-i i nt ’ - imum -osed
by t1ne s u n ’ of t h’ de f l ec t i on  - - y s te m n cor r_ mp o rm e nm t s , the clos ir ’ ; t i i  ic ie v ab le
i i i  stance between the de f lec t ion  mi nt-c _ mr a n_ md I hi’ fundus can mer , m u hj ect i  ye is
i-20 mm. In p r a c t i c e  c u r - s — o v e r  poi nts of  -Th ,_ m nn l  ~-25 r_ m _ m r n w i ’ t t ’  U n i t . Al thoug h
the h u m m e r  did nm ot I nt - ny ide ar _ m optimum view of t1 ne t n u _ m m i t n n ’ , , I t  o Ur- r i d o ther
advanta ge s  which rd i eyed some of the ni rj id const r-ai nit S i n _ m _ mpos i - il by tb _me
m m c i - i l l  qeonmetry of the sys f r - m r .
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T in e low i - € ’ f l e c t i v i  I’ ,- pe ll icle used inn t hi- nti ~vious d/ n i - , l n n n i - n l t s ( 1  3)
ms w I  1 , m -  in t tm m e o t i q i  r _ ma l  desi gn ( l?)  was repla cen t Wi Lii a pr~l ii d c  wh i r  P

h a t  t ’ ’i’n vapom - deposited w i t h  -m thin film of alumin ri m ’m . I m mm i l r v, t~, the las er
i ’ f - m i s  j t 5- at t i r e  r ica n— f r rcused spot on ti _me mirrored s r n r  fac e induced per—

m n _ m a - i - n i t  ‘t ’’-c’ssions i r _ m the fi l mn_m which gave rise to interference Imat t i-rn _ m s in
the p -r ~-ct - i i  be- m m ’ . ~ henefore , tir e u- l 1 i cli ’ was repl aced t r y  a - -2 nini / 2 m
chi n of a f i t ’ -, t—s un-face n_mi ri-or coin_men ti’ 1 to a cm i i 1 1 iedi- c, t , m 1 ‘ mm-i ( m i  ned to fi t~
the pel l i c le hol ler. T~m r - din i_ mension s of the pc - le s t a l  n - e ’ t n c  s u r h t h a t  i t  was
p ossi b le to o t t min i , t  t-e i a t i v e ly m ir _ mo b s t t uc t - - i t view of t h e  la- -or spot or_m the
f u ’ _ m i t - i -~ w 1 m e i m the fundus camera , deflector- and subject eye were properly
a l igned .

S i i m _ m a l  i - i tt _ m m - c n-i -is accomp l is imed with a st r i p  si_ mart m- i- n ;o r r lp r ( C l e - ~’i t o —
B i ci s i m ) w ith ci t h e m -  two or s i x  channels. In the to u nmet  i n s t a rm c e , on e channel
--is ‘i sed to r-ecord t i_ m i-’ deli ye-i-ed ii ht pulses as ‘ft -t -’ ’st od with a bea n_msp l i t t € - r —
phot r H o d e  an r a n q r -rnm en _ m t a nd the other , to record t I n ’- output of t 1 m -  i ntra -ocu lar
pt - r i- i- - whe n a si -: channe l recorder was m u sed , two channels were used ti n record
each si e n -m l , us-; l l y mi t different amplifications to precl ude loss of data due
‘a th - - t i-ace going off scal e . The laser output channel was calibrated
i - a i m m s t  i_ mow ers measur ed at the conneal plane.

L~eti nal he ,nm sizes n-li re estimated by visual i rus p m- c f ion through the
f m m n m u l m i s  — a”ii- r-a pt—ion to surgic a l rotation of the i-re. The i-i - final i r , i ’ m e
‘iimi -r r ’ t i - r (l/e- ) was also calculat ed using a ray—t rac e softwa re oackaqe
n-i n-i ‘ten for t tm ri- Howl -ft — m a c~ ard 9830A calculat or (cc-c- Section C) . For the
e~ pet- in ni m n n L s  discus ’si- i in Section 0. the full — an g le bea n di -ve r -m _ m e r _ mce was
10 .2 mrad w i m i ’ i ’  y i e ld ed  a ca l cul ati - - i u -c tin _ ma l i r m i a r u e  d i a n r _ m e t c - u- I l / c -  ) of 250 ;nrn.
The i - f f m - u t s  of beau - n deflect or - displace rm _ ment ; are i m _ mc b uded in the con m puU- r
p m~e n 1r a m ’ i . ro~ the condi ‘ i ons  en m ployed in thes - ~~ ] l t - i r i r m t S , a 1 inme nu r d is—
p l - m n ’ m ’ m e n t of f t m m ’- - n ’ m i ’  m -n nmr c t i ’m - dr ive by -501) pm i- es _ mi ] t i - r i  i _ m r a calculate d beam
d i ’ s r la ’ i - i -- i _ m t at the n c ’ t m a  of “169 urn . It should he noted tb _ mat t he  phys i o—
lo ru i cal - n 1 t t i ç~ pat -anreters i-n m loy ed in these cal c u l a ti m ’n rn; were a) c _ mi  f rom a
“mo rte l ~- ye U4 )  and t_ mot fron_m irmeasure n_ments (e.g., ultrasonog raphy) n_made on
r ich r’ x I nc - r im e n l ,_ m l cv i- - However , the experimental retina l scans a i-c consi stent
w ith f ine  c a l c u l i t  ions.

The mim i r i o t  f r m i ’ - n ’ roco uple used was suppi I ed by A. ]. Wm ’ l  ch (Uni v e m -si 1 :/ of
T /as at Austin) ar id ~a s g u i  te s inni 1 a r to t ime s e iced in expe t - i i re _ mn ts conduct Oil
i n n n _ mi ’ s  l a h o r a t r m t - / (° .8) 

- l i_m e t ip  dia nu m - t u r  w i_ m s -3 0 n m_ mi . A l i near -  l eas t  squar es
anal v - i c  of ti-me temm _ m pi -na tore r ,_ m l ibi - a t  inn data gave a c l o n e  of 0.0452 Lr ’ umr V and
in t i - n - n i - p t of 37. 7°C at a t -eference tempera t nu r i -  of 37 . 0 C .

La cer F mlv l r - r S ~a r the cn i r -ilea ) were 1-1-35 nW for- i~ i ’t ioal scans arid were
varied f ‘ ‘i l l  ii to ?O m W  fot - smjb ’,i - n m ni ’nt nr _ me asmu n I - i n t l - r n  I’ of peak ‘ - rnm i’ra t u u - t-
incu m m - e s  t i m i  pmilc-n-ii d f in ’ m - a r m n u i ng fro ii_m 50 mus es t a m 10 S’c . The 1 , u- ; m ’ r be a m _ m m
w a s ga f - - I  by a synch m - r mn o r_ m s si g n_ ma l fi -rm m m l iii’ I iuu i ng clock to an c ’ l i - m I r- mm r me r b m an ica l
s 1 ’ r j t t ’ ’ r -  IG - r t t a n d )  i,) t_ h a ‘ h u t to n - S mi ’ r -d (hot  tm m o pen _ m is ’  and s l o s i  n_ mg ) of ? mmmsec.
in _ m i  i - n - t i n t  1 ‘ s n - i n  i- m i _ m i s  t he laser pulsew idths wi t- u’ 1M m ) u - —  m iii t b _ m e  p ulse
rep et i  l ion t , r t c - n-,’ - m ;  fix ed at 0 . 1  liz. l ime mm m ii r - r w ’ t ’ t i - ’  ‘Ir is -i ’ w i -  j n r i r — m ’ m n i i ’ _ m _ m t  ‘ i t

~ a rate of 1 u rn/sec and , thu _ mn , a lase r  pulse w a ,  ‘ I - - i ivered to the ret i t _ ma
every 11) n_ m m i f  l inear dri vi’ , w hi cii co rresponded to ~.3. 4 m I_ mr tn- ins là l i o n _ m a ]
increnments across the r e t im _ ma.
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T b ’  1 , m ’ _ i ’r - 51)01 ‘ m u ti m ° n r ac m _ m1 , t r nun _ mid t i -  vu -- i - - i  f - m i n l ~ ~- ‘ 11 I nj  f t  i n n  l i t  iou
f~ni ’ anirn _ ma l f n w m r 1  the funm iru s c a mn m i- r mm ( i - a ’  n ’ s ) ;  f b i -  a - m l  e n-am ’ s t i i - ~ ‘ n m  “r ’ ”l - i t
I i_ m r r m ’ ’ - r i - r m c e  po in t  def i  in e r t  om _ m flue ‘sci on f , ti n i - r~i _ m m sm’ mi fLi t laser b -- t m -i .
Subsequent c mi n i -oscop ic cx am nmin a t ion if this - - y e  shoi- - i-r I  t h a t  ti m -- m m i i i ’ h - i - i

indeed been i niserted in the nria cula and that. the trauma was nc- ],a t i vc’ iy ru _ minor.

be llowin g im -ot ue i n - a m - l ion , t i m e c uhjc - i . t - - i - is mn mov ed t , - 1 - n u i _ me t i _ mi ‘— a / i s
so fina l ti _ me focal and c m - n ns s — u nv i ’m - points of ti _ me optical ~/ s t € ’ m m u  w i n t  co i i ncl ’ li ’r ’
m i - - it ‘i n - f u r mo t nodal plane of t i _ m i ’  eye . The laser -  b r - t m ’ ,  w a s -n or m ally - I r f iec ted
, m n r o s s  the probe inse r t i o r _ m si te and mi nor ad ju st m u m r - nmt’ , were m m m i i i -  in f t m mr -  posi —

l ion of tim e subject (angle , elevation and z—a >- is) unti l the t h c - r r ~!oco up le
o u t p _ m t  was nn axim ized. -mihs e~ unrn t scans revealed that a Max w c l l i a n  v i i - w  had
apparently been achieved.

‘s e v e r -a l  } _ m m i m _ m d r i ut inn of probe i _ m i s i - n t i o m i  i-IC-re requ~ired before a f ir e r” mal
r e c l ’ m m n se co nu l d b~ dç t c c ted  from _mm 100 unset pul se ’s a t . l ase r  powers s e t  Sou r n,-h,i I.
below calc iu l a ted n i 1 1 )  ret  m u  da r i_ mage thresholds (viz. , “-2] n_ mW ) - Full in cr-r t ion
(i e . ,  t i n r imuq bn t he  p i n c e r _ m t epithel i u _ mm n to the p n inn t of ,-ii r ti o tm m p t n i c ponse)
was avoided s i rice or_ me car _moo t be assuted that l a se r— i nd ric ert t c -un rpe r- a t ni ce
i n m m m ’ ’ as - ’c  m n _ me a sr mm - i - ’ l within the PE after it has been d a _ m _ m n a n e r t  ir- / the r i - Into are
ne cess ar i ly  t o - r m - P ’ s e m m f  m Live of actual tern n e t - i f  n _ mr - n-s  exp c n ier mc e d in th i- rhesus
P/P u _ m i t re - non - I rema s i ye con _ mdi ti orus. Thus , t h e  ac t u a l dep t h 0~ t h e  pro be in

Se I L was unknown - T 1 - m ’mp c ’ r u tare scans of the u-n ’ Li nra were obta 1 ned at a
l op t im of h’)~) - u_mi , u r _ mte i - io r  to ti _ me p oint of ir ui t i , m l scleral co r_mt act. i-bowcvnr ,
tI c- nua ~nr u rn -- r t ai s ty  remain ’s the a ng le of mr r _ mt ’ e insertion , so that estimates
of ret i nal dept i_ m alon ir f i n e  pm- ot e axis do not yield pant i cular ly meam mi ngful
est ima t i-s of probe depth in the PE.

C. PAY— TRA m , I MS APPL 1 CAT IONS A ND [Ol A f-I DEFLECTOR DES I GM

Conn_mputer sim ulation of the cor_ mibined op t i ca l  pe rformance of the nronkey
eye and beam deflector syster- _m , using two d i r_ m_ mensi n na l  ray- t racing in the
horizontal meridian, was er _ m_ mp loyed to effect a rapid analysis of va t ious
poss ib le  beam de f lec to r  mnodi ii cat i  ons desi qn e mt to correct a sar ’mp l i rig et ror
i r_ mh e r e nt  in ‘Me or ig inal  systenn (12 ) , a n d  t o  e stim _ m _ ma t e perfonr uua nce of t i m e
possible modifications with respect to translation _ ma ] invariance of the
scanned distribution. Specific resul t ’s are discuss ed in n_mrore detail
following a brief description of the ray-tracing pt-o q ra i_ m _ m .

C- i. Des cri pti on of Corgputer Sof tware

Bri efly, th i - ray-tracing software appl i es SucH’ s Law to an
a r t n i  t r acy  nuniher of r i - f  m a c t i  r_m g surfaces i ntersec tc--t by nays wi _ mi ch are

n O  n-c  L e t  f i- omn ~mn ideal j z ’ d  v i r tua l  om- real point source , ci t I_ mer i nsiitt-
or ou t si ntc ’ of the eye . In t b r - first case , light is f n m r  ni- -ed iruto tine i’ve ;
in the second , i f is di vet -c _ mi n_m g toward the e ye f m em m m -m vi u - t .ui 1 i im age poi rut
in fromi t. of the eye - In both cases , a refl ec t i  nt i bea irm def i e m  for is
I inserted along the axis of ti _m e laser be amr _m tn t s i r r i u la te  liii’ operating

3-10

I
- - - - :  -



con- li t i m _ m m - ;  o f  f i t - ’  bi’ a ’ mn Ii’flector sys tem _mm (hence , the vi rt  i _ m a ]  i m - r m ’ J P  i n ~h-
sr- r n _ mu d case). Tim -- i n _ m p u _ m t, i- -my’ s are assu mn med t o  have a [mnicsiai i spatial
ti st n- i  baLi  on - After e tch nay p a sse s t h r o ug h the opt i cal ‘,ys te m n , it is
I n nt i ’rs~- n l e t with an observation pl ane on an assunmed sph er ica l  sur face
which si rn _ m u la t €- s the retina , using values of t i_ m e phys io log ica l  opt ics
para mnue tens obt ained by Gall agher ~

l4) for the “average ” rhesus eye .

A nui rr iher of opt j o i nS  e x i s t :  one c a r_ m vu i- (a) the (odd) n umm nh er of nays ,
t i - n - i nch rug upon ti _me a m _ mount of detail needed ; (h) laser convergence or diver—
cience angle an _ m ci cot-n _meal spot size ; (c) linear m inove ummen t of tim e pellic l e
dr- i v i -; (d) tim e honi zontal di s tance be tw e e n  centem- posi tion of the pci ] i d c-
and th r-  front of tim e eye; (e) hor izontal tilt an _ m i le between the axis ‘l i - fir _ me d
by t i n e  above tn- inn point s and the opt i ca l ax is  of the eye . Also , s i nce  f i n ”
assu nnm ed surfaces are anbi trary , a tea -i- layer or a conta c t lens plus a layer
of n_methyl cellul ose can be added between the pe il icle and cornea .

Sca t t e r i r _ mg  and d i f f i-act ion are necessar i l y  ignored. Frcsnel re f l i -c : t i o n
and tr a nsn _ mi s si o n-m coe f f i c ien ts , although des i rab le , are not nc -c- ded;  likewise ,
in tensi ty is not cal c u _ ml a tei t at ohservat ion points , a] t h on _ m i j t u it  can r i -m r i i l - y
he reco nm’ ;tructed gr a phica l ly  fr o r m m t he connput cr output. T i n e out put cons is ts
of i-ày p lots , which have been particularly m iseful in analyzing and sorting
t h r ough predicted penfornmances of a large number of trial desi gns , ar _ md of
printed output , whicim has been used chiefly to analyze the translational
inva n i -m nnc c of t h e  deflected beam . Typicall y three plots and pri ntouts are
ob ta in e d  in each s im i_ mu la t i o n , one set for the center posi t ion of the pe l l i c le ,
the other two for ti _ m e extre i_ m_ me posit ions of time pe l l i c le .

C -2. Beam Def D c i  gn

In i t ia l l y , the opt ical  responses of the system devised ny Cr u r _ m _ m02) ,
r ising an extended laser source , were ray-traced. Resul ts indicated that a
s i r_ m n i f i c a n t  r_ mon- l i near i ty  in the retinal scans would occur . This situation
was n _ m i t  imn mproved si gnificantly when the eye- to-pe ilicle distance was opti-
r r_ mi zed by rn_ movin g tim e eye - - -4 ru_ mr_mi c loser to the pe l l i c le .  Hence, it was c leat -
f i m a  design of a di ff ct-r ’nmt contact lens was needed , o- i- incorporat ion of
additional i-x t i -rn al optics , or a con _ m h ination of the two . The only other
choice was to re-desi ’ ) ru the en l i re beam def lector head or to ado pt the
si rr _ mp l c’ n- but mo m-i cumbenson _me technique of rotating the an inna l (5 ,R).

The non- l inea r i t y  in the rotinal s c an was due chiefly to angular
depend ence in t i _ m i -  cornea ] r e f r a c t i v e  power. Thus , opt i ca l  responses  I n n
r o nt , m n t lens conf i g ura t ions , having lam - n cr’ than nor _ m i_ ma ] f m on t  surface rad i i
‘ r f  ‘s m _ m r - v - i  lure , wi-re S inmr u lated in an atte n n_ mpt to by—) ndss the cornea . Al t honu ’ ih
f~ o scan linearity i nuprove ni , it was clear that the cornea ] spot s ize wou l ’ l
b ra v e t o  he redui ce ri  con _ mci d ’ - rah ly ,  which would involve considerable i t _ mves t mn_ me nt

-‘ m u  a micro —reduci n g co lli r _ mm a t,or.

lhi ’rr - f o t m ’ . ii dj f f i - n i - r r t  ,u I) l r roach was u t i l i z e d .  By l e t t i r _ m g the i-- m e f r mc us
I P r- beam towa rd an i rtr’ ,tl i zed poi n t  f a r enou g im beim in _ m d the eye , the u _ m t  ersect ion
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of t i re c _ m n v e r g inni t i i - ,mm nm with the tr ’t in _ m a could hi’ co n _ mfi n i n j ni ’ d , t r y pt ’o~~nnr c i _ m o i c c -
o f  an ex t e r n a l  le m m c , so as to produce a re t i r_ m a l  spot  ~j~ o of ror _ mq hly si -v en a l
hundr ed mm at the l/e 7 po i r _ mts .  Thus , in e f f ec t , the l ight so _ mince would be
p laced at a r _ m I ‘ t o i l  i zec i point somewh ere betwee n the near-point for v is ion and
the frorm t surface of ti _ me unaccomodated eye. It preliminary cal culation
indicated that a good place to accomplish this wo u ld he -‘ -100 m_ m um _ m in front of
ti_m e eye. Subs equ ent  i - ày —traced s i m _ m i u la t ion  of this systemrn in ;d ic afe d that
fair l y good retinal scan linearity could be obtained in this fashion ,
provided that the tolem -ance in the eye -to- p ell icle distance could be i_ m e ld
to  ‘1 nnn _ m . This systenn had the advantage that a special cornea] contact lens
wi_ m s ~ ot  necessary;  thus , it appeared that the c loser  th e cc nur c c ’ was to the
eye , the less significant the influence of con-neal and other aberrations .

Hence , borrowing fron_m the princi ple of a Maxwe ll ian view , ray-traci rrq
softwa re was extended to simulate optical responses to li ght focused to an
arh itr~um- y point wit hin an eye fitted with a neutra l power cont act  lens.
W i t h  the bea m def lector  in it’ ; cr - mi ter posi t ion , the best pos i t ion for t imis
po int was roug hly mid-way between the f irs t u n i t  plane and second nodal
p lane. Jo sp it e  of tim e fact ti_ mat when the pe ll ic l e was trans lated to one
n ’ f  i t s  e~ trenne posi t ions - -  cam u s i rm g this focal point to mi grate anywimere
ft-omu _m ‘mearly outside of the eye to the hack surface of the crystalline lens
— -  the ret inal  scan l ineari ty was surpr is ingly good . In fact , although
s i r nmi l a ted  spat ia l  prof i les of bean_ m is at the retina changed son m_ mewima t when the
ce n ter posit ion of this focal point was shi f ted fro rm_ m i ts  opt imn _ murn by amnounts
up to ~-2 mm along the def lector opt ical ax is , the beam profi les at ti _ me
center and two p e J ] i c l e  ext remru es , were in good ag ree mnnent. Thus , this
particular design was incorporated into the experi mn _menta l system.

S mmu ’ n o le ray p lo ts  tinder condi Lions of such optin _ ma l al ignment  a r e  shown
in Fi qut -o 3—3. Fi gu re 3-4 is a schematic drawing of tim e expe n imm rent al  se t u p
s howin m’ i opt inma l al i grm n_ ment of the eye and the pe ll ic l e  in i ts  center pos i t i on .
In pract ice , the eye was rotated nasal l y  so that the visual axis coinc ided
with the hear _mu axis and the beam cam_mie to a focus within 2 mr_mi of the front
nodal p lane of the eye.

B. RESULTS

Fl qum e 3-5 shows typical results of tim e rennoduc ibli- scans of laser-
I n-t uc ed ri-t inal t mn mm_ mpera t mine i ncr-eases obtai neni in one expe n im nient.  Tht -ee
ceq u c ’ r m t ia l  nuns were cam - n ed out und r- r- the condi t ions i nd i c a t e d .  The
a - / cra mp ? r”t inal i rradia nce in this expe rirnient can be est imated frorm _ m the
cornea] power , oculam - transmission at this wavelength and calculated retinal
i ’ rr ~m ge diame ter (250 _ mnm) . Assu tm _ mi ng that 95”- of the intensity is wi thin the
l/ e  - i nt er _ m c i ty 1 i nn _ mi ts , the ret inal  I t rad iance  is  e s t i m _ m u a t e d  to he -- -61 W/c mi m
If , i nmstea ul of the calculated imm uag e dia rrreter , the l/e 1 1 i m u _ mi ts of the
t l n m n b i p r a t u r p  ‘ s n , m n  ( —i.lO O irnm di arm _ meter , Fi ure 3—5)  are used , tim e avera ge
reti m r al i rradi un_mc e is ~ 18 W/cmm u- ’ . lhe n_m_measu r’ed peak tem _ m _ m lm era tune i 9~rçase
W a S - Th~l C. Th is  r_ muay he comm u par -ed with the results of Welch , et. a] .~~ 

5j ,
who measured a peak tenmp erature increase of 19.8°C hot- 29 mmuW (co-i-rica),
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F I GURE 3—3 . Pnedi ct ed Pesp n_ mm _ mses to Beamum Deflector in A v er an i r - i yr  - At l e f t :
rmy I r a c i  niq in ho t - i  zontal p1 u i_ me (_ mf average nuonkn ’y eye (11) , -~i mew m n  su cessive
d isp l , mr  ‘ ‘ n - m s of I ur n  us ar _ md saq i tt_

~ml profile of b e amm _ m r - n te n inq  eye f i_ mrou u q h
n e n i t r - , m l pow en - co r i t - i c t . lens and 250 mm rr _ m layer of 2.5 n_me t iu - m T c e l l u l ose  at  left,
pass i t hmn nnu c jh a n ti ’ r ’ i uu r chu m _ m im i -c , i ’y ’ s ta ]  l ine lens , ~m nd v i  t i - i ’ m _ m i _ ms hu rn r an , a n _ md
i - _ m m - il ire a t , in ass un mu e d spherically u r u r v m - d  m i t i n m , m . Time u pper p ro f i l e  is p m - e di t —
t i - i t  -.- ib n ’ ’ n  t i _ me i mn ’ ll i c l i ’ is at i f’ - n i ’ r n t t u u - 

~‘nn- - i f i o n ;  ti _ me l m m w i - t - pm -ni t n e  whi rr the
pr- 11 i r i r ’  is a t  arm i x  I st _ mum , ’  i r is i t  ion , —I) . P muir _ m i p~m m ,m 11 t ’l t m m t i n t ’  a x i s  o f  t im e
i r nn ide mi t laser ’  tn t -a i i m . The f i n _ m i t i ’  th in  I n _ mess  o f  coi - nui a a nn t - - fna c t ive l , m rmm i na —
l io n_ ms of the c i - y c t i l l  liii ’ le n _ ms a t-c i ’ i n i o r - r - d  in ti _ m i s eye rn_ m od e l - At r -i q ht : U n _ mit—
no n ru tal i z ed  di ~ t r b uu t i  on’s for resp in ti ye b earmu Im roñ 1 ’ ; at left.
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10 ‘sec pulse of 514 .5 n _ mm m n lase n - - a d i , m t ion i l _ m n  i n I~ nt on a m -in ’’ su s nia cuu l a W ith
an in _ mar ie of com _mup a rabl e dim u_ mensions ( 80 n- mum 1 ! e di am_m ueter) m is i n_ mg a mu _ mi cro—
thernuocoup le probe of comumparable size (?h ~fl’ diameter) . Un fo r t _ m _ m n , i t e ly the
probe depth was not spec i f ied  in referenc e 15 . At any ra t ’ - - , t b_ m e avec aqe
t n t  m a ]  i i-radiance for th eir condi tions can be estimat ed as -~)4 W / n m i  -

- -h ich is in quite good - uon -e ement w i t h  the resu l ts  quoted above. The
a- _ m ri ’ i ’ nse nmt is even hett~ r if one adjusts the two i rradiances fot - absorpt ioru
of  t i _ m i~ two wavele ngths t j l)  in an assinmued depth of 5 m u in the PE - Comisi dening
tha t th e t emperature increase had not reached equ i l ib r ium in e i ther  case
(see Fiqur -e 3-6), this agreement is perhaps for tui tous.

P i t  ina l  te u m f ue m - , ltuur e increases were n_measured as a fu m _ mc t io n of l~_ m’ - r- m
_ m - mr- -r for a ra nge of f ixed  exposure ti m nnes ( pu lsew id ths ) .  The subject  eye
- p u - I  boa -- n _ m - ; ” r ’e a l ign ed for m axi mm num prcbe respons e and peak tem peratures were
r ’cordeil f~~i- time pu isew idths arid laser powers l is ted in T ab le  3-1 . The data
are d isplayed in Fi gure 3 —7 .  Unfortunately, the beam asvmm _ mm mn e tm - y precluded a
; ‘- - -a ni n qf u l e sti n n _ mate of average retinal irradiance and , as before , the depth
of the probe t ip in the PE was unknown .

Addi t ional exper inm ie m nts were carr ied out using opt i  cal rather than
‘ m i crothenn iocoup le probes . The opt ica l  probes cons is ted of 2 m~n_ m qu ar tz
rods drawn to fi mie tips. The experimu _menta l setup was simm _ milan to that used
in the experinmeru ts described above but the laser source was a Spectt-a
Physics 125 he liummm— neon laser with a maximum output of -50 n_mW at 632.8 nm.
Highly reproducible and symmetric scans were obtained as can be seen in
Figure 3-8. The l/e 2 retinal ima cie diameter in this case was “~l20 m m.

Althou g h not completely successful , the in vivo therma l and optical
measure m ents of ti_me rhesus eye have yielded va l uable results. Pe~k ~euumpe ra-tune increases were co m n_ mparab le to those obtaimmed by Welch , et a l . i- lS )  using
similar retinal beam images and probe diameters hut different wavelengths.
ihe e f f o r t s  d i scussed  in t i _ m is  chapter i_ mav e led to inupt-oved surgical proce-
d uo - cs , a sophisticat ed be u r ’u deflector design ar id other nuodi f icat ions in the
e x p e r i m i e r _ m t a l  apparatus required to carry out successful in v ivo  ret inal
probe experiments.
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E I G U P E  3— ~
- , . R e m i m ’ i’ e r i t , n t  i v e  inn v i v o  Opt ic al Sc m ru I ) - _ m t m  ot -qi~~

- -
~~~~ ’s

U r - t i n u d .  Three sm u s r e’,sivo he , mm ’ n s u ns in - l m n nrn i)logi c ml or iti r ot t - ri m-c - I
m y im mn p l , m _ m i  I iruj a g nu - u rt,~ op t i cal m ucn tho n-n i t  I n 1m m f l i t ’  d i s t a l  r e t  i ima ( S r _ m b  les t
3121.).  !~iiid 1e n ~i n _ m  n- rs n i t r t ,i i m m i m l i n ’ i - i-v erse d i m - c r  t i n n  0~ on _ m d

t)()t t o u r sc i r m s.  The i t  ‘ I i  t i 1  n - n _ m s 1 01) -n ’ r - l i , m m i n c t t m m .  C l _ mar t  s p i e l , 25 ui uu r m/ ul _ m i nm ;
- t i - m i f i r d o n -a n ion , 0.3 sec ; b m , ’ t ra u u l in driver sc ,mnnin q i _ m _ mc t i-m e _ m i t  ,r rmm l

f t i - r lnl ency , 10 u r n  - u n _ m d  2 Hz t - i ’ s j  - ‘ c ti vi ’  ly -
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CHAPTE R 4

EFFECTS _ OF LASER RADIAr IU N UN RETI NAL LIPIDS

Cliffe D. ,Joel* and W i l l i a m _ m m  H. P( m w ie

A.  IN IR m Th I JC T I m) N

W i t h the - n i _ m f  m end wi it-spread growth in the use of la se rs , i t is
becom i mmq i n _ m i r i - ni- S n _ m q ly  i r u r i a n t  to understand t he mechanisms of t f m r -  da nm aqi ru J
n n f t n,c t -  of laser r ad ia t i on  on ocu lar  t i s s u e s  as wel l  as th i-eshold i e - - e l s
ion da inage . - If is r ue _ mi w e l l  e s t a t n l i s h n - t th rm t l asers  comm prou i u ic i -  r- y a - t i  1 - ,’
observable les i r r ns  in the pr im ate cornea , lens and ret ina , h _ m i  ve ry  l i t t l e
is kn ; ’r- ,-,- _ m _ m , t t i o m _ m t the spec i f i c biochenmi cal n_ mechanisms yQ der ly ing ocular  le~ ions

in - educed by laser  ra rt ia t ion  at various wav elen g ths ( m Recent evidence ~
2-5)

st co_m m- i l v suu ]qests t ha t  ocular damage produced by near-u l t i -av io let , repe t i t ive
v i s i b l e  pulses or short v i s i b l e  wave lengths occur v ia  photn hemical r~ tner
t han st r i’ t i therma l mechanism uus . Also , it has recently been shown (6) that
the p’- i n m a t e coi -nea is  more s e n s i t i v e  to laser -induced photoch r -_ m _ m _ m i cal damage
in v i - ,-e n-.-i n~-n it is b a t h e d  i n  an a t mosphere of pure ox- iqe n rather than a ir
and is i ’ m  t u r i n  more sensitive in air than in pure ni lt -o n J en . This suggests
the possibility that at least part of tim e danmage m a y i nvo lve  fm -ce-rad ica l
oxida t ive damage to tissue components , in pa r t i cu la r  the hi ghly unsaturated
fatty acids.

Fatty acids are long hydrocarb on chain ’; bonded via the carhoxy l group
at r o e  end of a l ip id molecu l e .  Cel l  nuenihranmts are comumposed pr i mm m a mily of
lipid and  protein mn _ molecules in approxi nmately equal proport ions. The l ipids
occur as bimolecular layers with the hydrocarbon portions of ti _ me fatty acids
buried in the nm ’idd ]e and the polar ends of the lipids pointing outward,
I - lard ‘in- aqueous phas e.  The proteins are som _ m _ metimmres on t i me s _ m _ mr f ace  of tIne
lipid b i l m ,’c- r and in other cases embedded partially or fully within the
lipid h i 1a y ~ i- .

T I ne f ’ rt t y  ac ids of  anima l li pi t’; usually have an un _mbra rm ci _ m ed chair from
16 t ’ r 22 cam t u rn atoms long. They have from 1 to 6 double bonds , and these

i s d i e t r o t ’ , are s i tua ted  at every third carbon. If a fatty aci d has cur _ me
on mn~re double bonds , it is referred to as “unsaturated” . The corurpiete
s ’ n - mi r tuine of  a g i y r - t m  fatty acid can _ m be speci fied by a simple abbrevi ation;
f ’ - c  e y - t m - - J ’ l e , 22:6 3 t -r~ m , e s r ’ n ts a f a t t y  a m ; id  w i t h  a c i r , min of 22 cat - berm a t _ m n : - ’-

i m i  a n  m u  nq ~ do ub le bunr t ’ - beg inning on time third carbon from the mu _ m ethyl

c mn r , i l~~~~ience I o ’ i m n i t , u t io n f a n:nul  t y Re sea tn  U Pa m — t i c i p a n t , N n _ m n m ’ u um en - l a / C  
_ m n u i - _ m r t  addre ’ ,s : Department of Che nmi stry , Lawrence Universi ty, Appleton ,

.~mscon s i n i 54911 .
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( u - r m _ m p o l a r )  e n _ m d .  The s i x  most  r ; r i n - m m : L n m r m  f i f t y  , i _ mmn j s in ocula r tiss ues ari d in
ma n_ m y m m th e i - am _ mi u mnm l tissues are 16:0 , 18:0, 18: 1 - 9 , 18:7 1 , 20:1 6 amid
22:6 3.

It is known that nuol e n— n u lar r ex y J r ’ r _ m can a t  t a c k  the r,louhle hood s~s tem mm
n r f  _ m m ns a tu i- a t e i i  fa t ty  acids ~ry a frem ’ — n adical mum ec im an isnn ~

7) and that the
ra te  of  this so-ca l led  “autox idat ion ” incr ease s markedl y w i th  the degree
0~ unmsatur at ion of the fat ty acid.  The nuos t highly unsat u rated fat ~~ ~c i d
found in nature is t F _ mc - 22 :6- 3 whic tu is so predommminan t in the netin a~~

4).
If therefo t- i -- seems reasonable to investi gate f-he possibilit y t ’ r _ mm t laser
induced photoche m n_m i cal daniaqe in f _ m i ’ cc- f i n _ m a  n_ mi ght he mm mc di ated , at least in
pa r t  , in- ; t h e  au tox ida t i  ye dest ruct ion of the highl y unsaturated f a t t y  ac ids
c r 1  t he  tissue lipids.

imae m en(8) has pointed out that  there mn _ m i s t . he a hiqh in v ivo  oxy r men
t - n s i o n  in the ret im ial  rod outer segments and suggested that n o cu m m a l renewal
of t~n i- rod outer se qmee nm t discs mm _ may be necessi t a t e t by the gradual i r rev e r ~s I ble
a m i t o x i d a t i v e  destruct ion of  their highly unsatura ’ i-td f a t t y  ac ids . Y ounu q ’ 9)
has oh se t-s- i-d that t he outer segment renewal rate is elevated in both frog
ammd i-a t -- n v - rn  t he  i nteumsity of retinal ill uzn i nation is m ci -eased. It is
also notewor thy t i_ mat tim e conc emmtna ti on of vitami n E ( - i —  tn _ mr  o herol ) , which
ac t s  as an am it iox i  t an _ m t ari d thus pa r t i a l l y  protects po lyunsatura ted f _ m t  ty
ac ids  f! v i m  a u t r m x i r f a t i  nnm i n  v i v o ,  is unusual ly h i gh in re t ina l  m o d  o u t e r
sequm uents L ) . Vitamin E is destroyed when it acts as the termina ti on of a
f rr - i r -radica l chain reaction , and as soon as it is totally de~ 1eted the
rat c- of an i t o x ida f i ve destruction of fatty acid rises sharply- 7) . It
seems possible tha t i _ m r  l aser- induced pho t om: I_ meu n i ca l da nm _ m age , the threshold
lt- v m- l mm m ~m - ~ r eJ c r r - - ;ent f t _ mo ammi ouru t of n adiamut eu _ m et -m y n-r ’ -~uired t i m rt c - J ’l~ - t i- the

i s sue  of v i t i n _ m i  n E a n _ md consequently r~ ndi :r ti _ me hi ghl y unsatura t o t fatty
acids mm _ much more susceptible to autoxidati vi ’ destructio rm .

In a dd i t ion 1o oxid ati on of u u nsa t m ui -ated li p id’; by mm _ mol ec u l ar o ’y !- - n u i s
li _ s u i c r u i i r _ m d ci eutnoni c state, it is also possi ble tim a t photochen _m i cal uumechani sn_ms
o f  ocular  damn _ ma n e may invo l ve photosensi~ ized form i_ m a tion of the much use r—n
r i -ac t ive s ing le t  ( 1  ‘

~~~) 
n_ molecu lar  o x y n_ m en m l0 ,1 1 ) ~ The ener’ Iy levi - ]  of this

s ta te  l ies at 7882 cm n _ m~~ above ti _ me ground t r i p l e t  state a_ m i t is p a rticularly
n- r -a cti - y r- with r-espect to oxi~ at io rm of ca ihu t 1-c~rhQn double bonds , e.g., in
c aro te _ m t r _ mi fs (l2) , choleste rol~

1
~
) and vit a ur u in [~ l4) • Thus , this reactive

• oxygen spec ies , if fn m n r-d in s u f f i c i  ently h i _ m j h  c o m m c i - n t n a t  i o n _ m S  i _ m m  t i _ m e vicinity
of the ROS l ipids , could react wi th  fi r- ’ h ir i l ni y m _ mn n saf n m r a t e n t  f a t t y  ac ids .
Howev n-c , it sho _ m i ld be noted t i _ mat  lor _ m nj - te nu mu exposure to low leve ls  of laser
r- i d i a t  ion in the blue region of ~ f m e  spe ctrum _ mm ~4 42 -488 rmun a f f ec t s  para—
macu la t  t i s s ue  mumot - im s t rong ly  th an the  u n a c m u l a ( ~~’ i 5 ) .  il a m um l5~ i _ m r s at t n ibuf “ 1
t i _ m i s  ‘ - I  t ect to pn - rn t i- c t ion of the m _ m uac u j l a by xanthopiu yll w i_ m i ch absorbs stro nm u il y
i n tim I s wave 1 eng t F _ m reqi oru . The i-es ul ts pt-n’ ; i -ru ted m e l o w  5 uppon-t. ti _ m i S

r 
tr y I mn _ mt ~m i ’ i S .
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B- i .  Las em’ Lxposu res

TI _ me left ( ‘y es of three rhesus mm m onkeys (Macaca nmul at t a) niece
i r rad ia ted  w i t h  the 465.8  num i l ine of a Spectra Phys ics  170 argon—ion
l-m ser. The m- ig iu t eyes of these aninuals had been enuc lea tr- r t previously
for other ’  experi n- en its - The opt ical  ani- ,mnqc ~m~ni iit was qm i i t i ’  s i _ mi _ m i l a n  t o  f 5 , _ mt .
used f u r  induce large retinal lesions of pn c -—deter m ni ned di a n _ m e t e r  (thapter
1 ) .  In orde m- to ensure exposure of a c u u f f i c i e n t l y  large r - et i rmal  area for
c - i  n s i o r u  and l ip id ext rac t ion , f ive over lapping sites wer e exposed as
di-~n i cte d in Figure 4- 1 . The ca lcu la ted  neti n-i l imm _ maq i - di am m eter  was 920 :mm

- e t _ m-,m - - ’ri the lie 2 in tens i ty  limi ts . This c r i ter ion was eu mm~lçyed in order
to achieve co n isis teu n c y with the resu ilts of Ham , et al .(5~ 5) V i s u a l
est imates of the bean _ mm d ia n_ met e r ( 700-800 urn) n-ic- re ob ta inm-- t  by viewing
11 :e l - i s r - c image on the fu m ndus of a cont i-ol animmma l th i ’o mmq i m a sem i _ m i- f  ransparent
h- - - i u~ 5~ i1 i t t et ’  at tached to a fundus camera equipped wi th  a ca l i  b ra ted
t e t i  c le (  17) .

Si _ mm _ mi la n  se t .~ of exposm i res wemi - mnia de on the reti nae of four - contro l
eyes as wel l as on the three expe n in _ ment a l  eyes , as ou t l i ned  in Tab le  4 -1 .
I n _ m i ’  ] nm ~i- st cor rme ,i l  power emm _ mp loyed ( - -9 .4 n_mW ) , was chosen to ensure that
each e ~m ro5 n _ mm -c s i te  ,-,-ould receive no less tha n a th reshold enerqy d o se (5 )
for a non-therma l lesion.

In the case of the cont i-ol eyes , lesi mm n ’ ; s imi lar  to those ob~c - rv i ’ d
n~~ F u ni,,; of ~] 

(5 ,15) were observed at every paramacular s i te  at - 24 hours
post -exposure , hut not at one hour , i r _ md ica t i ng  t h a t  the se l e s i o n _ m s  wet -c
induced by photoche n_ mical rather t h an  s t c i c t ~y the m - un_ ma l p- n’ o c e s s es (2 5 ) . It
was also found , agai n in agreenuent w i th  Ham , et  a ] . ,  that  th u n_ macu lar s i t c - s
w r c r - e  n_ markedly lower in sens i t i v i t y  to these expos _ m ur t ’  condi t ions.  W i t h one
except ion , the macu lae of these control animals s howe nt rmo c lear  evidence
of damage. [he single exception was observed in anim m _ m a l 666C (OS) in which
the n _ macula  showed a “bleached” , brigh t ly ref lect ir _ m r j am -ca which was fi rst
observable wi thirm a few seconds a f te r  exposure and n -m hich reach ed m _ m i a xim m m u m
develop nm _ m en t at --20 m i  n post-exposure . This lesi on gave tim e ap~riom t a n c e  of
heir _ mg sonuewhat elevated from _ mm the n_ m a cula. Curiously, t im e les ion appeared
as a barely detectabl e darkened reg ion a t  ( mm - mi ’  hour post -exposu c m ’ , but the
following day again showed a bleached appearance. Polaroid photoq m -aphs of
the r :nnr _ m t n- u ]  eyes were taken at . periodic i m mterva l s following the 1 asem
exposures. Exanuples are shown in Fiqure 4—2.

fh _ m- n-yes of the t h i -i -i- expe m -im nental aniun _ mals w e u n  i - n m n ic le a t r’ t at ;l _ mo mn t
po s t — e x ~ o’ umn e and t r ea ted  as di sc im s - ;ed luel ow . mis in the case n i t  f i r , -  c o n t r ol

• no cl i - ;u m— e vid _ m - rnce of t i - f i n a l  ‘ tam m m m n ]e  could tv s -en opht im al m ’m o s co p i—
ra l l y  so sooru a t f ’ - r  expos :ur e . However , ti _ me hypothesized ox i d ,it i ve  n e- ac t i o mm

-

‘ 
s i _ mould ne comu m pl e t e we] I w i t h i n  the  f i r s t severa l mu _ m i n m _ m t  es fol low i n_ mg i r radiat ion.
Pr es nm m i utt i v , ti _ mis would give m i s c  to a nmuc im s lu r _ m -n t ’ r  p roc es s leading fu r gross
al t er , i  f i n _ m m of  memm _ m ti n m n i’ 5 t i - in n t i r e  (let e c f , u i n l p  o 1 nf m t h a I m nu o c c _ m- ’ i n ical ly at - - i’ -] hours
pos t - - e x l _ m n _ m’,r u n e  . The cr-i t i-n - i  on for s a cy -i f i re ( ~-l hour) was chosen so as t u m
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F IGU RE 4 -1 .  Diagram _ mm Of U i - f i n a l  Ex po - - u nes.
Nunmu be ns i ndi ate rhro nmol ogi _ mal sequence of exposmin -i ’s -
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TABL I 4-1 .

LASER E ’U’ l u - UR ES OF EX P E R IM LN TAL AND L_ m) N T RO L E u ‘,

A. Expe ni m i_mental Eyes (19 August 1976)

I o t n r e - _ m  1 Expos _ m u t i ’  [x~mo~ure Clock Ti _ mu ir at
en k y  l ow e r enW ) Time (sec )  Si t ; e~~

) 
- 

S t a r t  of L x pos u ne

522 m ) ~ 9. 4 120 1 15:22
9. 4 120 2 15:29
9. 4 120 3 15:33
9 .4 120 4 15:38
9.4 120 5 15:43

Eut iman ized 16:48

5 - 4  OS 19 .1 120 1 16 :29
19.4 120 2 16:43
19. 1 120 3 16 :47
19.4 120 4 16 :51

13 . -I 120 5 16: 1,6
f _ m it  har n ized 17:05

2218 OS 39. 6 101)(b) 1 17:28
3° .6 60 2 1 7 : - i

3-
~~~.6  E U  3 18:02

f l )  4 18:04

39.6 60 5 18:07

l r i t ha n i z ed  18:15

(a )  Si -v I I gui 0 1—1 .

(b) 1)el n vet - i- n i in f i ve  ‘ m u _ m . r ey i ye expos um - t-s of 10 se~ n un Ii l v i  l _ mm _ m-i i ’,i by two
Ox p _ m is  Li i c - s  of 20 m m m i i  30 s in. , i- n-c _m~ t I ye 1 y . [he cx vms ures we n - c p m  ced
a !  1—3 n_ m m i n t i - r v ~s l c  and t i _ mi ’  fu i n c in _ mu was ex a mmm i n u i - ’ i  be t _ mn - ri e x J r i - - ;urP s.
No ev i i t u m m n i ~ o~ t hen - m : _ m , i l lp ’_ i _ mr rr - , was det m-n ;t _ m ’ nt up to 45 mm  m i  lnw i rmmm the
t n t - St exposure.
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[A DLL 4 - 1  (con _ mt  i c - n _ m n )

B. u _ m rnm f rol Eyes (8 Septemnnb er 1976)

C on — neal Exposure Exposure m 1 n r c ~ Ti c - me at
t~_ m u _ mu i  i rv  Power ( _ m m m W ) lioe (sec )  S i t e ( a )  S t _ m e t . of  Ex pos u ci-

i- ’- - - ? ~ OS 0 .4 120 1 10:47
9. -i 120 2 10:53
9.4 120 3 10:59
9.4 120 4 11:05
9.4 120 5 ii :12 (d)

f L  C 00 19. 1 120 1 11- 45
19.1 120 2 11:43
19.1 120 3 11:48
19.8 120 4 11:54
19.8 120 5 ii :5~(d)

1,1 - f -h OS 40.7 120 1(h) 14:03

40.0 120(c) 2 15:13
40.3  120 3 15 :19
4 0 . 7  120 4 15:26
40.0 120 5 i5 :3O (n j i

hr i f 00 40.0 60 1 1-1:36
d m 1 .0 60 2 14:4 1

~ 2 (i i) 3 14:44

10 4 14:47
38.9 60 5 14:51 (1)

( a )  Gee F n - l u l l  n 4 - 1  -

(b) Lesion , i mn _ m —,sl bly t t ni-rumua l , m r o f i ’ d  oh m i rtly at t m - u - ex po sm mi — e (s i- i ’  t e x t ) .

(c )  De l i ve r - i - t i  in s i x  s ucr i -ss ive  exposm i re s of 20 sec at 20 sec i n t e r v a l s .

(d)  lb l i ’ s i n _ m r m s  n ’ x r i - p t  as n _ m i n t e d  above , a t  ~- 1 b_ m o _ mi i - x J ” m - ~n _ m r m ’ . A l l  p a r _ m m u m i c m _ m l a m -
s i tes sho_ m’ied les ions (‘r~700 n_ m d u u m _ m m r - t _ m - i - )  at  4 ‘ m o m s  l n _ m _ m S t _ O x I _ m o,lJ r i’
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dis t inmqu i sh t n - - t n - n i- - i - _ m m  the _ m amma l amid ~m ’_ m nt t och irmmu i u - i l le ’- iorm -; - Tb _ me f _ m r - H r - n - wn ,u ld
p i - es mn m m ua t ’ l  appea m - d u n rug this interval fol lowing exposure where,m s the
latter should ~_m ot (5 ,l 5).

(3- 2. ~e i_mpvaLpJ ~ j_ssu e Sa~pj es

1mm_mediately following enuc leation . the cornea wa s c a r e f u l l y
re ’onmved in a umianmner desiqmmed to avoid any rupture of the cha n_ mher commtain i rm g
ti _ me vitreous humm _ mor. At least  three long cuts were then mmuade w i t h  sc issors
throug h all layers of the eyeball , each cut beg innin g fi’onu tim e ed ge of
the con--nc-a and ex tend i _ m r i p o s t e r _ m o r a l l y  to w i t h i n  fnunn mm of tim e optic nerve.
T i _ mese cuts were located so as to avoid the lase r-irradiated om- yon t c m l  zone
in the reg ion of the unacula. Care was taken to avoid retinal detachment.
The m , _ m r i _ m l a  could he locatei i  d i rec t ly  at this stage by means of lo w- i _ mn -,~ ’r .
magnifyin g bin ocular spectacles , using as guides the color of the mac ulan --
pi r~mi r _ m t as w-~ll as the character is t ic  pattern of the blood vesse ls  around
the mumacula.

The d e s ic r - i~t zone was then excised with a razoi’ blad e , each cut being
ma te th ro _ m _ mq h all layers including the sclera . After the desired -m m -na was
m - ~ r : ised , tim e retina was pul led of f , leaving behind tb’- pi q_m muent epitheliu rn
( P E )  , ci _ moroid , sc lera and pet -hops soumme detached rod outer seg imments inter—
di gi to ted wi thu the PE . Tim e PE plus choro i d co _ mild then be scrape rt  0ff the
sc le - n-a a n t  t aki- ru t o g e t h m _ m - r as a sammmp le . Due to tim e adhering v i treous h i - r i m - ,
if _ m-i a s not possible to obtain a meaning ful c - measure of tim e s ize of tim e t issue
sanuple m v  tak im _ mg the fresh weight.  The fresh wei ghts w e r e  used , however ,
t o  c o t  i n_ma n i -  the an _ mo u nt of tissue water  introduced into the ch 1o nofot io~

‘ m - f i m a m m m f l  solvent systen u used to e x t r a _ m t the r e t i n a l l i p i d s  - A d - l i  ti ocual
details of the experimental  pi-ocedures may be found in an inteninu i- ep o r t (16) .

B- 3. Prej~~ra t ion of T iss ue~~ fpids for ~~~~~~~~~~~~~~~~~

Time total l ip ids were e x t r a c t e d  frommm t i n - -  tissue and freed of
r_ m on- lip id contaminants by a _ m m _ m o d i f i c a t i o m m  of t b _ me nmmethod nsf Foich-Pi , et a i . ( l 8 ) .
Th is  invo lved p lac ing  ti _ m e t i ssue s am mmp l e in ‘m,l Q t immues i t  o own volu nme (assurmuing
a issue dens I ty of 1 .00 g/ n_ m l ) of chl or _ mr fr _ m m - _ c -ret han _ mm l (2:  1 tw vol u_mn _ me )
The tissue sam i_ m i e s ca u_ m be stored safely in t tm _ m e s o lv e n t  m ix t u r e , which
t i n - mnn im _ m a t p s vii! i i  1 ly all m - nuzymm _ m a t i c  a c t i v i t i e s . im o ,i us e of t h e  t.endm’ncy
~~f c - molecular oxygen to a t t _ m c k  the u m n n s a t u _ m , i t e d  l ip ids , al l  operat ions
i n n _ m i uding st rura ge of samr _ m p l es wer e can t - ie d  o m i , as f , _ m r - as was practicable,
u rn - t i - n  a n i t  n - r m n f i - ru  a tnuosp iie n--e . Sol vents w i - t i ’  f t - i - i d  r u t  dissolven t ox yg en by

• inm ib b l ing w i t h  n i t r o g e n  before use ,  and lipid sa i m u ples were s t o i c _ m i  in a
En - i - m u -n a t  ~- —2O ° C.

[ b_ me t Is~ r _mi ’ oau i n _ m r l  i’-; w er - P imn uum r o r j i ’ _ m ui  t i- _ mt by i _ mar _ mci  us i r mg ,t Pot t ‘c-I lv iTh i i - m n m
iu onm oqen i / e n  w i ti_m - i g lass pest 1 e . I nso 1 ub 1 e mu _ m u t i - u~ I a 1 was ti _ men t - e m mu oved t m y

ci m _ m t r i  fuqa t ion. Ti _ mi- s up erm ma t n _ mr t fl u i d was freed of non —1 i p i d co n_ mt a u iu i ru a n t -;
by sha k i rig with a vol uimn _ mt- of 0.0t~- aqueous 13_m c i  

~~
. The resulting two-phase
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SvO f i - i nm n -n -ms ‘ ‘mr tni fmi gn 1 i _ mm 0 _ m uter t_m ) i m m o duc e  a c l°a n se l ’ a t - - i t i e _ mm _ m _ mf  piu r i s e s .
I _ mi ~ uN i-r pha se , cons is ti _ m _ m _ m _ m o f  n umost of t b _ me unuethano l an n wa te r  i r_m ti _ me
svs  t i -r i m pl us the n o n — l i p i d  com m ta _ mumi umants , was taken off by n_me~ins of a water
,m ’c p ii- - t t n r . T he res u l t ing  w a s hed l ip id  so lu t ion wi ’ ;  then ci t I _ me t - used
d i t - i - c t l ’ ,’ oi d il ns~i’ rt Lii 11 vol _ mi _ mime of 5.0 ml wi th  2:1 ch l orofor n u— m m _ methano l so
t1_ m at several aliq u ot s could he taken.

Since t h e  i _ m _ mtact 1 i imi d n_molecules are too 1 a ru ) _ m-  and usua l ly  too polar
t in be v o l a t i l e  enoug h for gas chm-oum ia toqr a ph y, the fa t ty  ac ids were s t r i pped
off fl u e li pid c-molecules arm _mi sinmu l tar _meously converted to thein n_much mote
volatile met hy1 ~~ters . This process of nie tha noly ’~is _m~-i -c acco nmpl i shed by
a nuodificatiom m U~ ) of the method of Morris on and G _ m m _ mi th~ ?m m ) . Care was Liken
~fl preclude exposure of the lipid sanuple t o  a tnumosp i _ me r -ic oxyqen , particularly
wh en the sa _ mnple is kept at 100’ C for 90 n_ minutes during the n_ metiman ‘ys i s
n--i - ac t ion .

F ina l l y ,  the w a simed solut ion of methyl n’s~ ers o f time fat ty ac ids was
evaporated to dryness under a stream of n i t rogen. The residue was d i sso lved
in a s un _ m a l l  vo lume of heptane , usual ly 40 _ m u l , and an aliquot of 2 to 7 _ m l ,
wa s nun through the gas chronmatograph for quanti t a t i ve  n_ measuremnent of ti _ me
fatty acid pattern.

B-I . Gas Chrouna tp~rap hy

The methods use ,i ~çr gas chromnato graphy were essent ia l l y  t h u — c
descr ibe-i by Joel , et a l. i,~~~) .  The ins t ru m ent employed was a Packard 800
ser ies w i th  hydrogen fl a me ion izat ion  detector .  Pyrex co lumm _ m ns , 6-- m_ mu nu od ~c
2 m id 10 feet l o nmn _ m , n-ni-n - c- packed with lOT’ diethylene glyco l succim m ate
on 100-200 mesh Chmn uum n so rh -WAS (Supelco). The colu m mun was f i l led  w h i l e
ta pp i nn q it wi th a n_ m eta l  spa tu la  and simnultaneously applying a vacuun _ m to
the outlet end after insertion of a glass wool plug 1 cc-u long. The col u _ m _ m _ mrm
pack i ng was compressed by application of air at 45 psi to the inlet end
w ith r i -peat  elf t _ m f _ m~u inq along the ent i re length of the  colunmn . The co lu _ m _ m _ mm m
wa s ccrndi  t ion m e d at 103 ’ C for 64 hours , a f t e r -  which the packing had se t t l ed
by 2 cm. Condit ioned colum n packin g was added and a 1 cm glass wool plu g
I n isc - r t n - f  s u m  h that the annount of dead s~r _ m ce a t  f l _ m e  in let  end of the col ‘ nu un _ m
was as s r m , ill is possible. During i r_ mjection of tim e sar _ muple , the ti p of ti_ me
micrn oyc inge needle reached to w i t h i n  6 um i mu of the top of the glass wool.
The col _ mm n r: rm u ise d for the work descr ibed in t b _ m i s  report . gave 3600 theoret ica l
pla t e s w i t h  16:0 fatty acid (mu _methyl palnui tate) and achieved a b a se l imme
separation between 18:0 and 18:1,9.

f he  g e .  n _ h t n m _ m m n a t ’ _ m i j n _mphy _m ondi f i u _ m n u s  w i - i - c -  v a r i e d  in m n t cte r t n ’  c - s t a t ’ ]  ish
- _ m i t i u - , _ m1 condi tions f o r  t ime  ruins. [ n_ mr e x a m _ mmp l e ,  the i - f f ec t .  of - a rt ie r - gas

( f _ m i - ]  ium ) flow n - - a t m ’  on _ m t b _ m n se pa rat ion of 18:0 from 10: l~~3 was ci m i died , a’;
we ll as f l u e  r ’ f f i - r  t o  of hydrogen , i n_ ml a i r  f low ra t m ’ s  omu t bn i -  s iqnua 1— t r _ m  nii~ se
n - i t in. Fron m i these s tud i es , t hi- opt i n u nmm _ m _ m f low i - a tm ’ s  w i - t i -  s i ’ l i ’ i I c- r i  unu t i m e
1- - i s i s  o f  c - minim a l noise level , ;naximr _ m a l del cc t m r response t m  16:0 , ma ~ i u _ m a 1

ion m l  18:0 fr on mu 18:1 () , and n_ m i ni lma l time c or _ m - , _ m _ m m m n i - u t  f un-— a comm _ mp le t  m ’
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l _ m e _ m _ m _ mm i ato ijm -,_m F _ m h ic norm . Itiu s , hel ions f low was ‘ i t  - i t  52 n _ ml / rm i rm ( i . - . , the
highe st t i c - c s  ib li- fb i-i r a t e  us i m n - n  t 1 m m ’  p r e s S m m c e  r eq ul _ m ti _ mn ava i lable), hydr ogeru
f l u  -w at 23 nul / _ mm _ mini  an _ md ii r f low at  500 m_ m_ ml / mm _ mi ru - The s ys t _ m - u u r  v i m - , capable
of d c - f - c t  inq n-e l 1 un ite,’ 1 mm nj of 16:0 , hut the most q _ m na n t i  f a t  iv e l - /  accura te
t -’ s nil ts wet-c obta i ru e d n - _ mm -n the total sannp l e cons i s ted of a In t uc u ~- i ca te l ,‘
10 _ m i~ n i un cu t- c - of -_ m n mmi x t r i _ m m ’  of  f a t t y  acid uni ethyl estecs. A 1 pm - r _ mx i r u ia te l  y
I - i  of ret i m ua was found to y ie ld c-_more than enoug im lipid to work at this
so _ m m _ mp h - s i z e .

Before t hi’ f i n - - s t  rn j m _ m of en_ m u - f t  day,  a sam _ mm p le of 30 m i - f  of  20:4 6 was
n- u i _ mi  thn --ough the ch’n - o nu _ m c - to qc o ph in on--den t m i nact i va le army sit c-s that ‘ 1  ‘ O n t
i rr ’-vet - sib l y h imn I highly unsaturated fatty acids. A mmuixtu i -e of several
~rm i - ,- : n _ m fa t ty acids incl uding 22 :6- 3 W O S run through the co l uum _ mmm in order to
c - e t c - i - n m _ m i  m i ’  wi_mether on-- not there w i-ne s e l e c t i v e  losses of any pam- ti c _ milan types
of fa t ty acids ( s b m r r r t - c h a i n  or long -chain , saturated or highly satut -ated ).
The , m _ m 1  ts appeared to be accep tab le .

TI ne c olu mi un mised could achieve a par t ia l  se ) na ra t io n  of 18:0 ( the  f a t t y
acid n _ m t l myl ester) from _mu l8:la (the di u _ m _ meth yl acnn tal of ti _ me faLL ’ ,’ a ldehyde)
to the extent that e i ther  could readily be detected in the presence of at
least a 20— fold excess of time other. This d c - g m - n - i- of separation of these
two coum ipounds is generally considered to be difficult to achieve.

C. O ESULTS AND T m I ’ ,CIJS SION

Lacer p oem - - m r - f eu -s c hosen for the expe n iummenuts co inc ided  wi tbm th n rs e
- ‘ f t i m  nducc- t i i_ motoc henui cal c m  then tb _ m a n the i - nn nal m n- t i no] les ions  (5 )  

-
I rm e n _ me , m l powers , exposure tiune and retinal iu ur oqe size were  ca lcu la t e d t o
5 1 , 1 _ mu f i n n -  range of ret inal energy dose f r i _ mu m 50 to 800 J/c m m m - ’ . T he f ot - nume r

rio is thr -  appn nmx iimr a te t hreshold a~ i _ mi s wave] i n _ m w _ m t h (465.8 nnm i ) i cuter —
pol o t e l  I n - u n - u  t ic - data of Ham , et al . i,5j  and was based on a “woi-st case ”
a ‘ion f l u - i t the actr i al retinal i mnage di , r m u u - -ter was a factor of two
1 - m r ‘_ m er 11 1 , 1 tI-i- calculat ed value. Thus , t i _ mn ’ i-et inal dose d e l i v _ m ’ t - e’-i t i
c-ic h s i ( - - e r i c - i t  t hi’ t t _ m res hold for ci’s u_ mm _ med ph o tu_ mJ _ m ( - mmmi  cal danmage wi tho ut
i mm n i ur  1 no tm m ’ - r  - m l  - l i m u m _ m i ’ . F_minduscopic exam inati on of ti_m e three animals
1 s ’ -’ t 1 ’ n - u r i c  ~ t i i - t - -  ‘ - n - m s  can n im- ni out ium _ mum _ media tm ’ ly  prior n - m u  eu t 0m ,m nization

1 4 ” ) _ m m r  n - - - -e~j ’o i t - ’) ami d , i ndeed , no eviden _mc e of th o rn_ ma ] les ions was

I’ - - i- -~es w i- i - n rc leated i c- mn _ mediately (-6 - u _ mum ) aft c- r o am ml fice a_ m id
- - - - r i- s ’ ’ - ’ - - !  - 

~- ‘r~ m j u i f _ m t  in N - sa tn i r o ted , isotonic s a l i n e  at O t C .  ‘- c evene- - ‘ i ’ m I (_m I~ n- l ’ u u r , - n r t wa-  no te - i  when the eyes were d i s s e c t e d  - ‘- ni ch ‘n_ m-v r ’nmn
- 1 - ~ -~~ ic - - i - i t lu a u m r - _ m t  t n t - i - n m  o b sen - - v e _ mi in eyes i t i s s e c t  i -mt  i mi _ m m _ m uecl iat . -l v fol lowi n n r _ m

- i imJC 1 i - - _ m i on .

G m _ m i -  t m the si- y i n t y  of the m i - t i r _ m a l  mt _ m-La c b m mu _ m e nt in t I _ mi- -ce  f n i-ce eyes ,
di ‘~~ h _ m _ m l t i i - s  were i - Y l n i - u _m i ’ n _ m eiI in at t i - n _ m r 1 u t s  t O  n t i c ~~ r ’ _ m  t u’-, u f r le n - i ’ t j _ mu , m l tissue
sac - p les . I I n c - s  , th i- f i r s t  eye rem _ muoved (221 B) yielded i_ mo useful sanip l e m i t
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n b _ m e i n-- i i - t i _ m t - u t  n c - t i _ m n _ m i  t is s u _ m e m m d  - ‘ a c  u i - ; i - r f  f i r  add i tional o n _ m n t m - m m l a m m a l — ~ce ’;.
i-n ip i_ m -n - - a l a n - -m m; u t  t i _ m e  r r t i m i ’ r  two ‘ i t  i n mas ( 6 - 5~ C and h -Il ) n_m r - m r  m n - i’d Inn

e \ p l o n . m t u - n ,’ t n - i - m i s  in o n r t i - r  to  e s t , _ m b l i s b m  p n r m m  - m t un - - ec  f o r  s e l e c t  lye d i ssec t  ion
of t b _ m i -  in r a d i a t _ m - d  re t i na l s i t e s .

A i m - ms o f  r i - t i m _ m a  -I- ~r i q n m r - _ m m t _  op i t l m el  i u_mn chonoid w i - r i -  d i ssec ted  f m n ’ r u n
r’52C and h54~ . il _ mi ’ I n  n~~ t c a m i l l e  f - i  ken t i — _ m m _ m u m  5521 i m u c i  r j r f i - f t i n - ’  u _ m e  i l a ~ ‘ m ’ f
m _ m m c s m n n m m a b l y  a l l  c - f  t i _ me i r rad ia ted  a rea . A s c - cc - m id a t i - ci t - n~ en from ‘112C was
I i - t n-n - i - n m  t i n -  disc u n 1 the in  rad ia ted s i t - -  ari d was i n n  t u-oiled to serve as r Ii-
m’ ioSt su j it _ m iml e co n trol area. I d e a l l y ,  one would l i ke  to ob ta in  the control
a ’ - - m  I n om _ m _ m the m u _ mac _ mi la n- zo ru e i m f  the o ther  i-y _ m-  of f l _ m i -  ca _ mn _ me anima l, b i t  t i - n--s e
t 1 u r ’-i- ’- -uu ru H ~ys were _ m n n i - o c ’ i l a r .  F ina l l y .  -in i n i - ad i a f i - m i  area s imm i i l a r  in
1 _ m i  at  ion to that t,m l en f c m n n u u  552C was tak en fro mm u 554C.

T ni ’ rr- t ina -f p iqimnent ep i th ou ni ne choro l d we re taken f u r _ m m - t h e n  ca n- men
t m ;  mm t he  ret ina l l a y - - n -  al onme beca mi c e of time p o s s i b i l i t y  t b- u t t he 1 a ges
laser e f f r c c s  nni ;1ut o m m u i r  in the most d i s t a l  port iorn s of t he  i-nd o u f ’ - r
s Ic -j mu iei nf c - 1 hose a r - i’ f l _ mi ’  o l des t  port i om m s of tb _ me ou tee seg _ m _ mmen ts ,-t u m ’i unus
nn m i rm ht have r— x t ro r j e n c c d sou~m e degn i ’_ m— of lipid o m i t o x i d a t i n r i  e- .’ m- nn  b m ç - f r r t e
laser m xposun - e ( d ) .  G nmu me of the n u t - i-  distal parts of t i m e  c n n - f  o ut-c s n - c - - O K

m n m ,_ m y ben m u m _ me h u t  ached ami d rennmai n_m w i th  the pin _ m um _ ment ep i thel i un_ m i mm t o  whi cii they
p r - u t e u _ m i f i - . In re t ros pec t , it w o uld  appear pre ferab le  t ’ n  a n a l y z e  the _ m -m n t i n m a
s e c - i r a t e l y  from the piqnuent ep i the l ium + choroid in the lase r—exposed  eyes .

T i t le 4-2  sl m u- -is a com _ m i pa n ison of the f a t t y  ac id  pat t  ct-m i s of the in - ma—
uH a f r - i  ‘ -m n ’ es  o f  n ’ m c _ mn k eys 6 - 4 2C and 5546 w i t h  that of t i m e con t ro l  71 u r ne m , f

‘ u - n _ m _ m _ mk _ m ’ c  552C. C lear l y then - i ’ are no s t r i k i n g  ef f e _ m f _ s of laser  c a - H a t  ion on
he f i f t y  acid pa tt e rn. There is no indica t ion of a r m y dep le t i on  of 22 :1 3

‘f ’ i i~ t i- u l a se r - t m - i - a t _ m u i r -n t , nor is there mr _ my i nd i m ,mt ion o f  t he  a p p e a r o n r_ m~ of
f l - ,-,- _ m r~- -m~ ‘, e e t u r i - s e n t i n m r _ m  f a t t y  a c i n .ls w i th  s t r ’ i i c t  ures a l t r - r i - d  due to l a s - - n -
_ m - i ’l i - m t i m _ m n .  The exp e r - i m _ mmen t  s l m nm i ld tic - n i- p i -ated w i  tIn n u m m i t i ’  a r ip i —n f mn ia t e m nm _ mut e -ir is
as we ]  1 as wi t i n  c i I nma s in wh i c h  tim e les io n s at - in  c l - -me l  y v i s i b l e , i . e-
at ‘~- 2 - i  bout- s pos t -exposure .

T a h i n- 1-3 shows a comparison betwe on -_m ti _ me fatty acid pat t ern of tim e
- ‘ - n - irma of monkey 221 B a _ m i d  that of the pi o uur~n1 t ep i t be] f r _ m u m I c l m m m n u n i  d of
li e ca _ m ime eye. The most s t r i k i n g  d i f f e r e n _ m e s  are a f i v e — fo ld higher con—

centra  t ine of 18:? -6 in t i m e  pi g n ume r u t. r’p i f tc- l i  ui _ mu + c h o i m n i d  and an appar i— r _ mt
t w o — f o ld hi gher Cc - n i  e _ m _ m t  t m  L ion of 2 2 : 6  - 3 in t i e  i - c - t i  no. A t-’- l a ti vely hi _m~ m

c o n t o r t of 22 :6 3 and low r om _ m t i ’ n t  of ] 2 : h h are c - I _ macam ~em i s t i  of  ve m - t mn t m ra te
m c - n t m - _ ml iul ’ev - ,us t i ssue  in r_ m - _ m _ m e _ m . _ m _ m l ( 2 1 — 2 3 ) .  A 1~ e1da n_ mn am id i 3 a z _ m n~( ? 4 )  hav e
o bse rv ed a s im n i la r  d i f ference in f b i ’ fa t ty - mi m l  pat t m - m r s  of wh at  f l u - -i

t e e m - - h  “ ‘ - t ina plus cho i-n id’ ’  m u  the f t - un . Th i s  is the f i rs t h _ mow n r i - l i m i t .
o f the fa ~ t y  - m _ m . id pat t  (‘rn of t m l -  _ m m _ mo m _ m key _ m e t  irma .

Figur i- 4~ 3 ill u’ ; t ra t - -s  t i _ m m ’  c m m m _ mn i _ m l i ’te i _ m a o  c h _ m m m m m n , m  tm _ m q r n i ph  of time f a t t y
acids of th e n i - t  m a  u r f  m n u i i m n H - ~ 2210 . All t int t b _ m t — i - i ’  of the ‘ i- , _ mk s 0cc _ m im i- _m m_ m g
as 1 . or m u _ m n _ m n ’ ’  o f  th e  I c - t a ]  f i t l y  ac ids  could he i t - n i t if i ed w i t h  -i gr - _ m - a t
- f - - i l of as- ; u i r - , mi m _ m e , i t i m - , m t - j ly  m u _ m u  f b i -  bas is  of mi- te nt. ion tin _ me . The t i _ mm , ’ ’
u n _ m m n ’ ’ r t a  i n  mea kS ,_ mt -i - r - i’ l a t  i ve l y  m _ mninoi .
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TA BLi- 4 -2 .

i ’ l l  A U - ”: 81 F A T T Y  A l i t )  f A I T F ’G m > 1) 1 I Y ~ 
- -- a

AGE ) I_ ASL P—I R E Afl D APE A G OF
t - tuY ~i.i t’ RELGI, ~ [‘ I - L U  Ni  EP ITI IL L IUm- i  ~

- CilOROI D

A m u mnni in t mu I I a c-h Fat t A_ m s 1( 1
T - - 1 , t a t  i ye L~ pm - - s t ud i u _ m t  I a t m  1 1 a f ’  

-
- Ar; i d s  - _ m )

[deni t i t i c _ m t  i n u n _ m  ‘ ‘  nifty m m
~ p _ m ‘ - ‘ - 

~u f - ~- - ~ 5526 ‘-i- uI c - v  5- ,~~u
of ‘ c - a k l m m n n t r o l A _ m c a  i e _ m i d H _ m t -  P A m - - i  I n  - id in t e n t  - - i - i - a

l : c - i~~ 1.2 1.7 1 .3
1 6 :1 )  1 fu ~~3 12.4 15.
18: u m , _ m ( b )  

?. 4 2 . 5  f .  I

18:0 20.8 20. ?  21 . 1

1 8 :1  1 3 . 0  12. I, 13 .9

1 8 : 2 - , t m  4. 8 5 .1  1. 7
20:0  0.8 LU 1.1

2 8 : 3 . 6 1.5 1. 4 1. ;

20: - i  I, 12. 3 12.3 II . 1
In i t - - i n t l  f i c - d  ( c )  1.6 1. ’- H -

~

2 2 : 4 5 2 .0  2. -I 2. 1
2 2 : - S  o n- 24 : 0  3 .3  3. _mI 2 .2
2 2 : 6 3 16.2 20.0 13 .2

(a ) I I n i -  _ m m n m n u i m r t  o f  c - me l t  f , _ m  K-v - m ci  d is al c m _ m l  a t  ed as t u- p _ m na 1 n i t - u  m u ’ -

i l _ m i d  b~~ 1 n -~ r-te n u ti u u nr n i _ m i t -  o n- i t h in cm ) l u _ mm . T iu i o  u i y c - ,  ‘ h -  i - n  -

o f  ‘ , _ m ’ l_ m c u u i I r n i ’ i m t  by ;-_ mi - i n~h t - ~~
-_ m ]  y { ,_ m t t ;v an  i mis r - c r ier u - t 

-

at  l e a s t  1 . 0 - , i i i  i_ mt l i -ac t  one ~i t  f _m i ’  t h r e e  c _ mm-up c - s i i i ’  a - , ,.,

f - mt I c- -

(b) ‘ a ” di’s g rat es I i _ m i -  d _ m m u m t u t h y l _ m n  i - b _ m i  of f l _ m i -  f _ m t  ~ , - -

i n n _ m n _ m I s -

(c f i n n ,  - -  ‘ 1  m o _ m y c c - m m ?  ‘1 m m  ~ / lJ a _ m u - i  u i ,_ m mr m ‘in ’ - - -

( i i  n _ m f u r  n i mu so ] ve n u  t .
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I

TABLE 4 -3.

CO MPARISON or FATTY A CID PA TT FPN ~ or RETI NA WITH
PIGML NT EP IT I ILL IUM + CHO ROI D LAYERS

Te utr it i  ye Pcte iitj on limp Amount of Each Fatty A cid~~Ident i f i Ldt ion  P~~li t t ~ t O  Lxj i ressed as ~~of Tota l  Fat t ~y Acids
of Peak Pet i ’oi ~‘i ~C horoi d Retina P~ + C}i6roi d

16:Oa 0.45 0 .46 1.0 2.4
16:0 0.53 0.53 16.2 16 .0
18:O a 0 .87 0.88 2.6 2.2
18:0 1.00 1.00 20.0 17.9
18:1 1.12 1.13 14 .1 17 .7
18:2 6 1.36 1.37 1.9 10.0
20:0 1.85 1.88 1.2 1.4
20:3 .6 2.84 2.88 1.8 1.1
20:4 6 3.18 3.22 12.3 14 .5

Unident if ied (b) 3 4 9  3.55 0.4 1.3
22:4 w 6 5.79 5.88 2 .0 2.2

22 :5~6 or 24 :0 6 .40 6.66 2.7 1.2
22:6 ~3 8.44 8.58 22.2 102 (c)

(a) Data obtained from monkey 22113 . For further explanations see Table 4-2.

(b) This peak may contain 22:0 and/or a minor contaminant from the chloro-
form solvent.

(c) The 22:6.3 peak for the PE + choroid sample was approximately twice as
wide as observed in other samples. This is most likely due to the
presence of material  other than 22 :6~3. If instead , all the material
in the peak were 22:6~3, then the percentaqe of 22:6w3 in the PE +
choroid would be approximately 20 rather than 10.2.
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In  concl us i on , the major prob l ems regard i ng the p rocedures and
te~hni q ues for obtain i ng the desi red specimens of retina , pigment
ep i thel i um and choro id and analyzing thei r quant i tative fatty ac id
patterns have been solved. The project has reached the sta ge at which
the effects of laser radiation on retinal fatty acids can be assessed

• directl y.
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CHAPTER 5

OCULAR NISTOPATHOLOGY AND ELECTRON MICROSCOPY

William H . Bowie and Robert V. Blystone*

A. INTRODUCTION

Dut ies  of the h i stopa tholo gy su pport func t ion  of t h i s  contract
included securing ocular tissues ; fixing and embedding tissues in pre-
paration for sectioning; sectioning ; and preparation of slides for light
m icroscopy or of unsupported thin sections for electron microscopy . Except
for the compa rat ive l ig ht an d electron mi croscopy reported i n thi s cha pter ,
all prepared ocular tissues were turned over to pathologists of the USAFSAM
Veter in ary Science Div i si on , Clinical Patholo gy Branch for evaluation of
laser induced ocular damage.

Ocular tissues (globes) were enucleated directly from freshly killed
an i mals or removed wi th the aid of a Stryker saw from perfused animals .

• Methods of preservation included direct immersion of the fresh globe in
fi xat i ve , whole body perfusion of the subject throu gh the left ventricle ,
an d whole body retrograde perfusion through the descendin g aorta .

Althou gh equipment for the automatic processing of standard tissue
sam ples was availa ble , it was not suitable for processing ocular tissues
due to the uniqueness of the chemicals and time schedules required for
these tissues . Consequently, all processing of ocular tissue was accom-
p lishe d manaua ll y as was sta i n i ng of mounted sections . The chemical time
schedules  var i ed accordin g to the spec i f i c  task bu t , i n genera l , were

r similar to the following outline for the treatment of retina l tissue :

1 . imerse ent i re globe in  ~3% glutera l dehyde overnight
2. dissect exposed macula or other area of interest out of fixed

globe
3. immerse tissue in fresh fixative for several hours
4. wash tissue in 0.1 M sodium cacodylate buffer (pH 7.3)
5. wash tissue in distilled water
6. post-fix tissue with 1% osmium tetroxide in cacodylate buffer
7. wash tissue in distilled water
8. dehydrate tissue through a series of ethy l alcohol solutions

of gra ded concentrations , endin g wi th 100% alcohol
9. treat tissue with propylene oxide

10. infiltrate tissue overnight with a 50:50 propylene oxide-complete

* National Science Foun dation Facult y Research Par ti cip ant , Summe r 1976.
Permanent address: Department of Biology , Trinity Univers ity , San
Antonio , Texas 78284.
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plastic mixture
11 . infiltrate tissues under vacuum with 100 . complete plastic

mi ~ture12. immerse tissue in complete plastic mixture ; allow to cure at
4 5 C -65~C overni ght or , preferably , longer

13. trim plastic , mount in mi crotome and section.

Corneal ti ssues were processed accordin g to the abo ve schedule or ,
in some instances , accordin g to a more routine paraffin process i ng
techniq ue. Examples of ~he latter can be found in any stan dard manual
of histologic technique s~t l).

Sectioning methods used employed a standard rotary microtome (A0 1
or a Porter-Blum Ul tramicrotome . Tissues sectioned on the AO instrument
were embedded in a paraffin-type compound while those sectioned on the
ultram icrotome were embedded in Epon 812 or Spurr plastic.

Stains utilized were toluidine blue , rnethylene blue and hematoxy lin
an d eosin (H & E). The former two were used on sections embedded in
plastic while the H & E was used on sections embedded in paraffin.

During the course of this contract, histopatholog ic support was used
to evalua te laser-induced ocular damage for a number of projects . Among
these were : a study of the wavelen gth dependence of retinal damage in duced
by visible laser radiation; a study of the chronolog ical develo pment of
laser induced retinal lesions ; and studies of the location and extent of
corneal and retinal damage i nduced by near-UV laser radiation. Discussions
of these and other examples of the contribut ions of histopatho logic evalu-
ation to the overall program can be found elsewhere in this report as well
as in  e a r l i e r  reports~2’~ ). The remainder of this chapter is devoted to
a comparative study of light and electron mjcroscopy (EM) of retinal lesions
in duced by m ode-locked visible laser pulses (4).

B. PRELIMINARY ELECTRON MICROSCOPY

B- l. Previously Prepared Tissues

Tissues mounted in the previously prepared blocks had been
fi xed by perfusion or whole eye immersion procedures. In some of these
tissues , artifacts resulting from the fixative procedure were evident
at the EM level . The principa l artifact observed was probably due to
osmotic imbalance of tissues fi xed by whole eye immersion. Specif ical ly,
these preparations revealed swollen mi tochondria (Figure 5-1), disruption
of nuclear envelo pes, and swelling or disru ption of other membrane-bou nd
organelles . Moreover , imersion in cold (~4°C) fi xative produced poss ible
ice crystal formation (Figure 5-2). EM examination of perfused samples
revealed tissue profiles with substantially fewer artifacts .

I
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FIGURE 5-1. Electron Micrograph Showing Swollen , Distended Mitochondria
(subject 108C, 00). Sec tion was taken from the periphery of
a les i on a rea . These mal forma ti ons are typ ica l  of osmo ti c
shock and were evident in nearl y all eyes fixed by i nuiiers i on
(X 27,POO , neg. no. 76-352).

FIGURE 5- .. EM View of a Long itudina l Section (i.e., parallel to the optic
axis) Throug h the Pigment Epi the lium (subject 39C, OD). Sec ti on
taken from periphery of lesion area . The white spindle -shaped
areas are interpreted as voids due to the formation of ice
crystals during whole eye i mmersion in cold (~4°C) fixative(X 15,000, neg. no. 76-363).
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A block of control tissue was •~1i~ n~d and cut pe~~ - n’ l icj lar  • the-
o pt ica l  ax i s .  In t h is  manner , ret inal  lesions can be .-~xarni ned as a
f unct ion of axial  depth across the entire diameter uf the exposure site .
Thus , this approach should allow sen i_ quant ita *ive estimat es of tne ver j l~ex ten t  of damage as well as the severity of damage within in ’~ivid ual r~~t i n ~~’
layers. Such est imates woul d provide valuable information nnede’~ toval idate therma l and non-therma l models of retinal inj ury .

E x a m i n a t i o n  of transverse sect i ons of t h is con trol eye snowed
structure and deta il not appa rent in parallel sections . Fo r i ns tance , at
low magnification ( •lOOx) the outer limiting membrane appears as a broad
circular band as does Bruch ’s mem br ane , a portion of which is shown in
Fi gure 5-3 at high r~i~nificatio n . Similarly, the spatial orientation of
the photoreceptors is mo re readily observable in transverse than in
longitudinal sections. Figure 5-4 shows a transverse view of the inner
segment rejion of a norma l (i.e., unex posed) retina .

B-2. Co~p~~~tive Li ght an d E l ectron M i cros copy

Both eyes from each of three animals (461C , 511C and 585C) were
en~cleated for this study . All had been exposed previousl y in the course
of thres hold measurements using mode-locked visible laser puises (4). :n
addition , the rig ht  eye of No . 461C ha d been use d for an i n v i v a  the r r ’a l
and optical probe experiment. Thus , the eyes from this subject were fixed
by immersion whereas both of the other animals were perfused prior to
enuc leation.

The fixative combinations were the same for all three an m als: 3.0
to 3.5’” glut eraldehyde in 0.1 M sodium cacodylate buffe r (pH 7.3), followed
by l~ osmium tetroxide in 0.05 M sodium cacodylate buffe r (also at pH 7.3).
The major variation in technique tested with animals 5ll C and 525C wa~ th~
embedding matrix. Older specimens had been embedded in Luft ’ s ~pon (5)
which proved to be too soft for large , thin sections. Specimens from 

~~~(both eyes) were embedded in a modified Mo llenhauer Epon-Araldite plastic ”°)
~n ich also yielded unsatisfactory results . Sections of peri pheral retina ,
sa ved from 585C an d 46 1C , were later infiltrated with Spurr plast ic (~

) wbi ch
proved to be satisfactory . However , the usual thick section stain (toluidine
blue ) gave less than desirable results in this plastic. Meth y l ene  b lue  i n
sod ium borate was found to be an acceptable stain for sections enhe lded in
Spurr plastic.

The macular areas of both eyes of 46lC were embedded in Epon 3nd
sectioned from nasal to temporal in increments of 2 om per section. Some
thin sections were taken for EM microscopy , primarily for initial experience
in coordination of thick-thin sectioning techniques . The resulting electron
micrographs of these tissues did not contain signifi cant information regarding
laser i nduced injury , but they did contribute to a general overv i ew of the
ultrastructure of the retina.
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F:~~RE 5-3. Electron Micro graph of a Transverse Sec t ion (i .e., ‘-; end ic ul a r
~O o~ Lic ax is )  Through E uch ’ s ~en~brane (sub ct 1~~b , OS). The
bas a l  enfold ings of the ~igment epithel i um are seen at the u: 0er
r~~h~ while the choroida l fenestrations are seen a~ the lin~~rleft. Collagen fibers predorn i nate and appear to be rard o
arranged (x 2,807, neg. no. 76-396).

I
I

r :GL ~~ ~-4 [ ‘
~ ~ j r ~ .1 of a Tr ansverse Sect ion Through inner Segments of ~~O~~ tO-

recE -; i r~ . The cer~ ru1 ir is a si rTH e cone surrounded ~ rods
( S U~~~~~ 199B , OS ).  DarkL Yj i ned  itoc ho ndr i a  are predor~ nant.
The vo i~ e vd c u r lar areas w~~hin the LC llS arr probabl y a rt i ’ ac t S
Jue to osmotic damage produced during fix at i on (x 9,050, neq .
no. 7€ -4~~).
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Ti ,u u ; i e s  ~r~m to ri ;h~ Pyr o~ animi l 5iiC ,i’ r~~ emb ed :oi in
Soirr p~u~ t i c  an ~ .‘ j  ~“d ~ a~ tor- r:iti thic L -~ n~ n c t i o n l f l c J  for li r jn t
an d ci oct  on mi c r o n c o ; v . respecti vel y. Detail ol resul o~ th~ micro i c
e~i nna~ ions ire p res tnt ’- l in Sections C (li ght microscopy ) m l  U (eiectrn
~iCr uS ;w )y)

C. L Y~HT ~1ICR OS C °~ Y

The right eye of anima l 5 l lC had been exposed to mode - lock ed , v i s i b l e
laser cu i ses  6 months ~‘~ or to sacri fi ce . A row and co lumn pattern of

‘-~o~- lesions was uses so define a 4 x 4 gri d of exposore sites wi t h in  the
I rnacui~ as s h . ~n in Fi j~re ~-5. The exposure conditions were as follows:

w a v e l e ng th , 51 1.5 n c. pu lsew istb , 250 psec; pulse repeti tion rite , ~lO i M-~~;
poi se t rain luration , 10 msec (see reference 4 for further d e s i i~~ ). Toe
peak power del ivered to eaco of toe 16 exposure s i tes is indicated in
Figure 5—5. For this set of exposure conditi ons , two t h r e s n o l d  l e v e l s
were determine d : at one hour post-exposure , the threshold (ED 5 O) was

f 430 ~ peak pulse power , whereas using a 24-hour o~servat ion sri seric’ ,
the peak pulse power ED5Q ~as found to be %2 10 m~

(
~~J . Thus , none of toe

s i tes in this eye were ex o sed to powers lowe r than the 24-hour thresho ls .
Five s i tes  received less than the 1-hour threshold dose and the remaini ng
eleven were exposed to peak power levels  rang ing from sl i ghtly supra-
threshold to 4 times threshold , based on the 1-hour ED5O.

Ophtha !moscopic examinat ion of this eye at one hour , eight days a n :
- t wo weeks post-expos ure showed les ions at all si tes except t hose expos oJ
to peak powers lower than 475 mW . At s ix  months ( i .e . ,  immediately pr :or
to sacr i f i ce )  only s i x  lesions were clearly ident i f iable , v i z . , those
exposed to seek powers hi gher than 681 mW.

The eye was sect ioned at 2 orn intervals through the ver t ica l  marke rs
( “5 throug h Me) until the first horizontal mar ke (M4) was identified.
After that,  serial th ick (i .e.,  2 cm) sections w~ re taken for l ight Hcrc -

• sco py wi th thin ( i .e . 1200 ~
) sect ions for electron microscop y taken every

10— 15 ~m.

Three definite e se rinental lesions , and one probable les ion were
i

~~

ntified by li ght mi :roscopy . These were found approximately 400 rn
inferior to the fovea central is  and were there fore assigned to the row of
s i tes de ined by M8. Al l  experi~ enta i lesions were about 20 -30 ~m wide
and none showed extensive disrupti on of the pigment ep ithelium . The area
shown in Figure 5-6 is assigned to si te 832 and can only be classed as a
probable lesion , This classification is based on the absence of pigment
spicules on the inner surface of the PE and on toe vague disorganization
in the microvi ll i reg ion of this area . The most apparent damage in sites
that received >832 mW was co nfined to the i nner segments an d , to some extent ,
the PE ( F i gures 5_ 7 throug h 5-9). The outer nuc ear l ayer appeared to be
s 1is

~

t ly disarranged and depressed towa rds the P .  The outer limit ing
membrane was n ) t  appreciably thickened. The inn~~

- se9ments s howe d some
disr un t ion , and vacuo la ion was eviden t at site l537 (Figure 5—8). In
addi t~~n , displaced nuclei were found in the inne r segments of some lesions.
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FIGURE 5-5. Dia qram of Retin al Exposure Area in 511C 00. The lo cations ofexperimenta l and marker lesions (M) are approximat e and notto scale. Experime ntal exposure sites are labeled with thepeak puls e power app lied to each site .
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F ;G ~’RE 5-6. Pro ba bl e Les i on Pro duced by 232 ‘~~ Peak Power. Only very minor
damage to the PE is seen. The o~ cr o vil l i region shows some di s—
r ipt ion and there is displacement of the 5~ 1C uiC5 and granules
in the PE. Al l  photograohs in this ser ies (5- 6 tbr~ uqb 5-9) are
o~ the same retina (511C OD) and at the same magrif ic ation.

PiG1 ~~E 5-7. flefinite Lesion Produced by 1092 no’.’ Peak 1 owe r . Diso rya rization
of the outer nuclear layer and the photoreceptors is seen .

I
I

I

FIGURE 5-8 . Def i n i t e  Les ion Produced by ~587 r~ Peak Pov ~er .  Two pyknotic
nuclei can be seen which may correspond to the photo receptors
formerly occupy ing the void. Three phagocytic bodi~ s are seen Iin the PS .

FIGURE 5-9.  Uef in i te Lesion Produced by 1261 rnW Peak Power. Disorgan izat ion
of the outer nuclear layer and migratio n o~ nuclei i n t o  the
outer seqments is seen . The lurge , l~ q~ sly .haded ~rea in the
[
~ a;o ea red ,when e~ am ined by E~’ . to b~ a 1 ~i d  droplet.
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0. L H~ PO~ MI~~ dS ° °Y

~he e l e c t r o n  ‘ i ic roscos y reported here S ro i l  d not be cur si ~er~~i i s
a so bs t i t u te fo r  his~ c i  tool ogy , but rather in extr em el y pO,’ .ci rf !j l ad i ~nctLi ;nt -~i “os~ c ; y m u s  : e  used to ident i fy  exposure s i tes wi th res pect ti
dis s i r i ces from e s t a b l i ~ b0d landmark s . Co - relat ion of li~ bt Hcroscopy it
apprc sriate mm mi i ~i cat i un wi th electron iii ruscopy of ad icent ( th i n )
tiss •e sections ~roviJes the combination of microscopic se nn~ ~ues re~ ji red
to e~emin e exposure sites for subtle , laser -indu or- cnorpr logical chan ’~-~~
of retinal fine structure.

The efforts of this project centered primarily on E~ examination of
soecim en 5l lC 00. The most pro ’iinant expe rime nta l lesions (sites 1U92 ,
l5~ 7 and 1261. Fi gure 5— 5) together wi th three marker lesions in toe same
eye and lesion areas selected from among previo uc~y prep are~ tissue bloc~-swere examined at the ultrastructura l level . Figures n-lU through 5-18
were selected as representative of the nearly 400 electron micro graphs
taken during the course of this study .

Init ial attempts at electron microscopy quickly revealed that the tas k
of locatin g cmall , near-threshold lesions is at best tedious and , in
mos t cases , impos sible wi thout correlated light microscop y of the suspec sod
si tes . Consequently, only tissue areas havin g experimental lesions sre~ iousl y
identified by li ght microscopy were examined by EM . Several dddition al
suspect lesion sites were also located by EM. However , in the absence c~
well- defi ned markers within the macu la , distance mapping could not he
carried out. Consequently, none of these a reas coul d be ass i gned to laser
exposure sites with any degree of confidence.

Observation of retinal lesions at the EM level led to the following
genera l conclusions regarding the ultrastructure of these areas:

1) The spindle-like pigment granules (i.e., spicules) located j~
the apical pi gment ep ithelial vil l i are generally absent in the lesion
areas. The vil l i themselves appear little affected. Also , elec s-on-
dense pi gment granules are absent from the basal components of the apical
v i ll i (see Fi gure 5-10 , -11 , -13).

2) Rod outer segments (ROS) in the vicinity of the microvilli are
generally at ’oica l or totally absent at lesion epicenters . This effect is
mo re 7ronoun ce d i n the case of the h igh er power ex posures , especially at
the sites of marker lesions. Figures 5-11 and 5-12 illustrate ROS disruptio n
typically seen in such damaged areas. In addition , the norma l assoc iat ion
between ROS and PE is disrupted (Figures 5-10 and 5-11).

3) Some cells of the PE in the area of the les i on show accumula ti ons
of what appear to be lipid droplets . The experimenta l exposure sites appear
to contain distinctly more of these droplets than do the marker sites.
(Compare Figure 5-13 with Figure 5-11). No deter rnination can be made at
this time as to whether the lower droplet count at the marker lesion sites
is associated wi th the higher laser powers or is due to the fact that the
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~~~JR5 5-10. Long itudinal Section through the Pigment Epitheliu rn (subject
5llC , OD). The presence of microvi ll i with no pigment granules
and the scarcity of round or ovoid pigment granules are typical
of les ion sites (X 14 ,900, ne g. no. 76-521).

~~~~‘~PT 5-il . Lonq itudinal Section throug h the Pi gment Epith elium (subject
S l l C , OD). Tt is disorga nization was often seen as a result
of r igh energy inputs (marker lesions). The PE is disoroanized
as are the m icrovill i and rod outer segments. Some scatterec
l ip id droplets are noted just above the basal info ld inas ,

which are tuemselves exaggerated and distorted (X 10 ,650, nes .
no. ~f -50 l . )
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FIGURE 5-12. Longitudinal Section Through a Rod Outer Segment (subject 158B ,
00). Section taken from the periphery of a 550 urn diameter ,
supra-threshold therma l lesion (300 mW , 500 rnsec ex posure at
647 .1 nm). Lamellar disorganiz ation of this type is often
encou ntered in lesion areas (x 26,500 , neg. no. 76-210).

FI~~,RE 5-13. Longitudinal Section Through the Pigment Epithelium (subject
S11C , 00). The microvilli are shown to the left while Bruch ’ s
mem b ra ne i s seen to the r igh t . The regu l a r , sharpl y defined
ovoid bodies are tentatively identified as lipid droplets. The
area is adjacent to a known lesion site. Also note the absence
of apical pigment granules in the PE mi crovil li (X 12 ,000, neg.
no . 76-514).
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markers are in the pa r ’sicular region while the experimenta l exoosure
sites are in the rn acul a . The rather preliminary data su’~gest tha t the
droplets tend to be displaced toward the basal side of the p ig--e n t
epithel ij ni at - x per imental s i tes where as the mar ker s i tes  demonstra te
a more disperse droplet population. Droplets are ra rel y encountered
r’lo re than a few tens of ..m removed from lesion sites , which is taken as
confir ru ition that they are directly associated wi th the laser exposure.
-— owev ° r , it must be pointed out that identification of these bodies as
l ip id is tentative and is based solely on fine structure morphology .
Histochernistry must be performed to confi rm this assignment.

4) In general , the morphology of the pigment epithe lium is ~ist~rbed
at lesion sites. Neither mi tochondria nor other membrane-bo nd organelle
c; -pcnents anpear as freo .ently as in normal tissue . Cytoplasm ic pi :- e~ t
co-~ponent s and autophag ic components are i rreoular in their di st r ih~:ion
and at times tend to cluster together , especially in cells located toward
the edges of the lesions . (Figures 5-10 , -11 , -13 , —14).

5 ) The re’a tionships of the basal PE to Bruch ’ s membrane and to
t’~ un or iocapillaris appear to be highly disturbed at mar her lesion sit0; .
as illustrated in Figure 5-14. Fi gure 5-15 shows a p i gment-like packet
completely enclosed in a thickened Bruch ’s mem b rane . These p i gment packets
resemble elements also seen in norma l choroid. Frequently, small cyt ;—lasnic
bodies are seen next to the basal infolds of the pigment epithe lium (Fi gure
5-14). This association suggests that these bodies mi ght be extrusions of
the pigment epithe lium. Experimental lesion sites , in  con tras t , genera l1 y
show the pigment epithelium and the choroid with near-norma l associat ions.

6) The most dramatic element that marks readily ident i fi ab ie lesion
sites is the absence, at lesion epicenters , of the inner and outer segments
of the photoreceptors . However , th i s effect is also observa b le a t th e lo wer
magnifications accessible with light mi croscopy (Figure 5-8). The void
aooe~.rs to be filled with a uniformly granular substance together with some
membranous debris. This appears to be characteristic of older (~6 months
post-exposure ), high power lesions. In addition , at the outer limiting
ri- - nibran e, EM r-veals that mi crovil li from the MUller cells may be seen
e .tendin g into the void. 

-

7) The outer nuclear l ayer vitread to the vo{d epicenter often
demonstrates numerous irregularities . At six months post-exposure some
pyknotic nuclei are seen in this lesion area (Figure 5-16). Also , there
tend to be fewer than normal nuclei in the outer nuclear l ayer at lesion
s i tes , res u l ti ng i n  greater  in te rnuc lea r  spacin gs . As a conse quence ,
MUller cell cytoplasm may expand to fill the space left by the destroyed
photoreceptor nuclei . This MUller cell cytoplasm often demonstrates
elaborate arrays of endoplasmic reticulum wh i ch are clearly visible in
Figure 5-16 .
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F:GURE 5-14 . Lon g itudin al Section Through the Pi g~ent Epithe lium (subject
511C , 00). Apical mi crovil l i seen in the upper left have formeda sec~ndary layer or info lding. Bruch’ s mem brane i s seen i n the
l ower portion of the photogr aph. The PE adjacent to Bru ch’s
membran e seems to have invagin ated and extruded material into and
possib ly through ~3ruch’ s membrane. This area is within a marker
les ion (X 14,980 , neg. no. H18?9).

I
I

FIGUR E 5 -15. Longitudinal Section Throug h Bruch ’ s Membrane (subject 511C , 00) .
The membrane is thickened and enlarged and contains two packets ,
one of which apparently ccrta ins pigment . The other seems to
contain the remain s of a lar ’i e li ar body of soi:e othe’- membrane- .1
bound structure (x 31 ,400, neg. no. H1830).
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F:g ’~RE 5-16. Lo ngitudinal Section Showing N~f l l e r  Pol l  Pro l i fe ra t ion 1-round
a Damaged Nucleus (subject 511C , 00).  The abu n dance of ~-‘&l1ercel l  endo plas F c ret iculum is ap oar e r tl~ a response to space
lef t  by the loss of dam aged or d eed ce l l s .  ~ py~ r ic t ic  nucleus
is seen at the upper center of t r e  m icrog raoo (x 2 i .900 , neg.
no. H1838).

F~~ ‘P~~ 5-17. Long tj d~ ‘~al Sect ion  Sh ow i r q  C ros s - s r ~ of ~h to reo - : ~~or
1- i r’ 5 5~- t w e € s  the 5 j te r  ~, ~~~ L JO~ and t~ e C j~ t r I loxi ~ orm
Layer (subject 461C . O S ) .  Three StO r I C o~ axo n ‘o r: hology are
s b - n . The overa l l  li ;htrr ax no are i r- terpreted as no r al
‘h~-- da ’-~er bodies are crl ie .eci to - - : -  n’ -  ~-e nt an i r - t e r i - e d ia t e
s’ ge ‘ necros is .  The very dar~ a~ or is tho~i~ ho to h~- ‘iecr~ -t ic  end - ry  be l ir~- i’d Co an i n ju -ed  or destroyed pro nt~~eptor.
~h i S  ar ea is appro .’ mna t el y 15~ - ~- la~eral C o a les ion s i te  in
~~ o~~ -r m c  lear laye r . ~) 23 ,c OO , nor , no.
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8) A t no r -’s~l as .nl l i ;  lioe r— e ~pu ed ret ini l Si t~ s , COo peri pne r il
axons ~ phot o rerop~o rs are o n ented  at  appro ~ maC el y ri o C o’ jlo s Cu t - -

optic axis on the vi Cree l side of the outer n u c lea r  i d , O C  and ei e ’  I -
- in to tb - aiter p lexi form la ye r . This laterd l i i so~ eeernent ca ~ses

d i i ~ic u l t y  in t racin g les ion ~ f f ~~~tS in t ri is reg ion. Huwe~~o’- , na;is in
a ’o n bundles wore in s ome instances observed v i t r o a l m d  l a t e ral to Cb~1
PS lesion site. These gaps presu mably correlate with missin g axons th at
wer~ orig i ’ a l I y  connect r i  to onotoreceptors destr rr~ed by laser i r r d~~i j i - ~r
In i d d it i i n , el ect ro n-cm nse axons were occas iona l ly  note- i in ~~~~~

- i i ci n~ t ,’
of  t h -~ lesion (Fi gure 5-17). Such axons are in terpr e t ed as de -- -ag ed 0r
nec r - o t i c ~ and may ref lect  a response to direct inj ury or to d,irsa~:e or
des t r uc t ion  of their assoc i a ted photoreceptors .

9) ~t ruct ures similar to that shown in Figure 5-18 w c - - - o c r m s i o r i ’ l 4
enco untered at the Oute r  p ’ex i fo mil layer , some 200 —300 rn t ;“ toe e d ge
a les ion. This struct ure ~robab ly represents a collect ed mass o’ n e r  )tic
co me c~’dicl o s and rod sprerules. On occasion , patches  o~ missi r; pre-
n ,~~ :t ic terni ini were also detected laterally in the outer p lm ~ f~ r-~ l~~4 y r .

Th -’e ~Ar t~er corrvients on electron microscopy of specimen 5UC. OD
a ::-- ~~ ~ to .~~‘- rantod. This eye had received 16 experimental laser
e s :  ires (F iga ro  5-5) of which al l  but 5 showed lesions at one hour , e i gm t
days a r wo wOOk S post -exposure . After six months , only six of the eleve n
les ions we’-e osr * nal mosco oically observable. Four of these , viz., those
jr - 

~~y - - I  by the hil~’e5t peak powers , could be located and confirmed by light
micr05000y but the other lesions could not be seen at this level of ex aminat ion.
However , A sing EM , several additional areas which may have been laser exposure
s i t e s  were detec ted.

Ultrastructural anomalies observed in these suspect areas included
the fol lowi ng:

1 ) Apical  pigment was absent from the PE over a lateral region of
1 0-15 ..m and occasionally as much as ~30 ~m;

2) Lipid droplets seemed to be concentrated in the PE within a
lateral distance of one or two cel ls (‘ c-30 urn) of the depigmented area~3) Occasiona 1l y, the photoreceptor inner segments showed more than

• the usual intercellular spacing at the outer limiting membrane at sites
usually coincident with the phenomena noted above .

It is conceivable that relatively low peak power exposures (i.e.,
near-threshold) may cause the destruction or damage of only a few photo-
recestars . This degree of damage would be difficult to detect at six
months post -exposure due to apparent expansion of adjacent cells to fill
the void le~ t by t~ e destroyed cells.
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F:::PE 5-u. Long itudinal Sect i on Showing Phag ocyt iz ed Material Vitr om d to
the Oute r Plexi~ o’-m Layer (subject 5l lC , 01). This mat e r ia l
nay be debris of damaged or destroyed c e l l s  or or rom n- - i l es
including cone pod icles and rod spn~-rul ec . rio s t r u c t u r E  is
-.250 .m l a te ra l  to a lesion site (x 11 ,059 , req. no. 76 - 5 32 ) .
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E. C

As expe cted , electr )n microscopy reveale d in in- - aC er  de ta i l  mo rph oloov
o bs e rv o~ at the li ght microscopy leve l .  Ul tr ast rec t r~~l st udi es re - ~oal~- j
to~ forca~ ior of l ipi ~ droplets presu mably resultir ; p rom la ser exposures
or i 5 conjunc tion with ion -j_ te r : repa ir processes ~ - l lo win g laser expoo c- ’ s
Ela b oration of Miller ce l l  end p lasmic ret iculum w~~i o bs e rv ed in the outer
nuc lem r layer at some lesi on si tes. The results discussed above indicate
t hat most of the daro~ge observed at s i x  months post-ex pos ure is in the
phetoreceotor~ (outer and inner seg- - o nts)  and in to e outer n A c l ea r  layer .
At the hi goe r expos ure leve ls ,  there is evidence of some dc-cage to the PE
but Cu e extent appears minor .

The 1 -hour threshold for retinal damage in 511 C 00 was f -~c nd Co be
42 -‘4 (peak pu l s e  po~ie ’), in good agreement with the SL ug value of

- 490 ---4 determ ined by prohit anal ys i s  u s i n g  a sample of s i x eyes , each
wi th 16 expo sure s i t c ~s ( 4 ) . In contrast , a 24 —hour da r- ag e c r i ter ion gave
an E7~~ of 2 10 mW (

~~
) . Examinations of 5llC OD at 8 days and two weeks

post-exposure showed no lesions other than those seen at 1 co ur.  At s i x
months post-exposure , only tb - ’se retinal s i tes exposed to peak powers

830 -ow ( i . e . ,  about twi ce the 1-hour ED50) were clea rly visible at ~heop hthal moscop ic level .  S imi l a r ly , examination of this same eye by l ight
and e lectron microsc oms y revea 1ed clear evidence of damage only for peak
powers hi gher than 830 mW but not at sites exposed to l ower powers . Tnu s ,
it appears t Oat  some degree of repair may have occurred in this retina
over the siA -m onth interval between exposure and sacri fice.
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CHAPTER 6

BA C KG R OUND

Jose ph A. Zuclich

In the past severa l years , numerous ultraviolet lasers possessing
a wide variety of beam parameters have become comineric ally availabl e.
These include continuous wave (cw) lasers such as argon- and krypton -ion
lasers , short pulsewidth , high power units such as nitrogen gas lasers
and various solid state and tunable dye lasers whi ch , with freguency
doubling , yield wavelengths as short as 250 nm. E;dstinq safety stand-
dards (1 ,2) have not anticipated the wi de ranges of beam parameters
available wi th these lasers . The suggested standards for far-IJV
rad ia t ion ( 200-300 nni ) are based , in part , on corneal threshold studies
w i t h  non-coherent radiation sources (3,4) and thus have sonic experimental
basis. In the near— UV (300-400 nm) range. however , there is a paucity
of erp enimn enta l threshold data even for non-coherent sources and the
sa fe ty  standards appear to be based on the assumption that any corneal
damage would be thermal in nature . Permissible exposure levels for the
near -LJV are quoted only for the cornea and then only for sing le pulse
exposures , with the quoted maxim um perni issihl~ e~posure (MPE) applyingto any wavelength in the range of 315-400 nrn( ’ ’2).

Recently, several papers have appea red on o c u l a r  damage induced by
near-OV radiation . Ebbers and Sears (b) reported on corneal damage
induced in the rhesus eye by th ç 325 nm output of a helium-cadmium laser.
They , as wel l as MacKeen , et al .~ 6), also noted cataract formation induced
by the helium -cadmium laser. Further , Zigman , et al . (7 ,O) have reported
patholog ies in the lenses and retinae of mice subjected to repeated
exposures of non-coherent near-UV radiation. From these studies it is
clear that in addition to corneal hazards , there are potential lent icu lar
and retinal hazards from near-WV radiation. Little evidence is available
regarding the mechanism for damage at each site and , thus, little
experimental support exists for any safety standard which attempts to
se t MPE levels  for wi de ra :~ges of beam parameters .

The IJV segment of the electromagnetic spectrum is somewhat arbitrarily
divided into three waveleng th regions commonly referred to as the near- V
(300-400 nm), far-UV (200-300 nm) and vacu urn -UV (4-200 n m ). This investi-
gation has dealt specifically with ocular hazards of near-UV radiation
although many of the mechanistic considerations should apply equally well
to the far-IJV portion of the spectrum . Radiation in these wavelength
regions is absorbed by chromophoric sites normally found in proteins and
nucl e ic acids as well as by numerous minor constituents of the cell (9,10) ,
Th e a bsor bi ng ch romo phores belon g to the c lass  o f ar oma t ic  mol ecules  and
a re  characterized by deloca li zation or sharing of electrons by several
chemi ca l bon ds re s u l t i n g  in low- l yi n g elec t ron ic ener gy l eve l s .
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T he energy of a s in g le phot un in the near- or f a r - I JV wav el en gth
range i-s such t hat it an promote ar m e lec t ron  of the abs or b ing aromatic
chromophore to an excited energy level. The transient excited state of
the absorbing molecule is hi ghly labile and the molecule can subsequently
engage in a number of chemical reactions wi th its molecular nei ghbors . The
r”sult inq ph oto-induced products may be inco mpatibl e with the norma l func-
tioning of the exposed system and may, in time , lead to some biolog ical
damage which is observdb le at the macroscop ic level.

In arm earlier report (ll), the molecular composition and absorption
properti es of the components of the prim ate eye were discussed and
po te ntial damage sites from 200-400 nm radiation were pointed out. The
for nm laf ion of a quant i ta t ive model for a photochemica l damage mechanism
was begun through a consideration of the electronic energy level scheme s
associated with aromatic molecules and the kinetics i nvolved with UV-
induced transitions between the energy levels. An approximat e solution
was presented for the number of photopr oducts or “molecular lesions ”
formed as a function of the laser beam parameters. This solution was
valid , however , only in the lim n i t of long pu lsewidths (i.e., microseconds
or g rea t e r ) ,  where the differential equations for the populations of the
c -l en t roni c energy levels could be solved in the steady state approximation ,
and with radiation intensities sufficiently low that only a neg li g ible
fraction of the absorbing mol ecules were found in excited states at any
given time .

Realizing that this approximate solution would not suffice for the
r ’ mi t i re snectrum of beam parameters associated with operational lasers ,
develo pme nt of the theoretical model was continued and a genera l solution
d’-nived for a molecular electronic energy level scheme consisting of a
ground state and excited sin glet and tri p let states (l?). Numerical
example s were presented to illustrat e explicity the complicated dependence
of photoproduct formation on the laser beam parameters (12).

Althoug h the basic three level electronic energy level scheme is
thought to he an adequate representation of the absorbing molecule , the
t - y , ~ct formalism to be used for quantitative photochem nica l predictions in
any given case will depend on:

(1) whether the formation of photoproducts proceeds throug h the
excited singlet state , the excited tri p let state or both;

(2) whether the final product is formed directly from one or both
excited states or if there are intermediate steps (and hence
additional transient species ) involved:

(3) whether sir iri le or multiple -photo n absorption processes are
involved; and

(4) whether the absorbin g species themselves are involved in the
photoch enmi cal reactions or if there is energy transfer - to
oth er molecules which are then the reactive species .

The experimnental program carrIed out concurrently with the theoreti cal
modeling was designed , in part, to distinguish among these various possi-
bi l iti es . T he mater i al  p resente d i n Cha p ters 7 throu gh 1 0 covers t he
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progress nmade towards identifi cation of the prima ry sites ann mechanisms
of near-UV induced ocular damage. The results have already answered
some of the questions posed above and have provided feedback for modify ing
an d refining the theoretical model . In addition , the experiments and
theoreti cal cons id erati ons reporte d here p rov id e a bas i s  fo r more com-
prehensive safety standards for ~~e usc of UV l asers . Althoug h the
detailed theoretical derivati ons I

~I 1 ,l2) are not repeated here , the
instanc es where the experimental results contribute to the model develop-
ment are fully discussed in the following chapters .
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CHAPTER 7

CORNEI\L DAMAGE INDUC ED BY NEA R- UV LAS [ R RADIATION

~Joseph A. Zuc lich

A. EARLY EXPERIMENT S

As previously reported (l) corneal damage induced by near- IJV laser
radiation appears to be the result of a photochemica l damage mechanism.
Initial experiments were carried out using a krypton-ion laser emitting
at 350.7 and 356.4 nm (-3:1 intensity ratio). It was soon discove red
that corneal ep ithel i al lesions are induced in rhesus monkeys w i t h  i n c i d e n t
energy doses of greater than 70 J/cm ?. Slit lamp examninat ions revealed
th at slig h tl y su pra - thresh o l d l e s i ons  a ppear as we l l  de fi ne d s po ts on
the surface of the cornea . The spots have a fairly even texture when the
exposure is 10 or more above threshold , but exposures closer to the
threshold dose often yield a more “patchy ” appearance. There does not
appear to be any si gnificant depth associated with threshold lesions .
E xposures of 50 or more above threshold cause crater-like effects which
apparently penetrate several cellul ar l ayers of the ep ithe lium . No
scarri ng of the cornea l stroma was noted in any of the exposed animals.

The tim ne following exposure before a corneal lesion becomes visible
(with slit lamp observation) depends upon the energy dose delivered
relative to the thresh old dose. With doses as high as two to three times
threshold , the first si gns of lesion formation appear wi thin one hour.
I fter several hours , the lesions generally develop a crater -like appearance
which may persist for -~ 4-48 hours . The crater —like lesions, howeve r, do
not penetrate below the epithe lium and all signs of corneal damage
disappea r by 48-72 hours post exposure .

With doses closer to threshold , no si gns of abnormality are observed
in the fi rs t 6-8 hours following exposure . The lesions which eventually
appear do not reach m aximum developm mie nt until 12-24 hours post exposure
and , again , appea r to repair within 48-72 hours . Based upon these obser-
vations , an 18 hour criterion was established for the determination of
corneal lesion formation in threshold studies .

Using the krypton-ion laser (~ 5O.7 and 356.4 nmn ), corneal threshold
determinations were carried out for continuous exposures (i.e., single
pulse s) of 18, 30 and 45 seconds . The exposure energy required to induce
corneal lesi omr , was app roxim na tely 70 J/c imm - ’ in each instance . This reci-
procity is predicted by a photoch l ’mm lica l mnode l (l ,2) hut is not consist ent
with expectati ons for a purely therma l damage mec~anisnm . Therma l model
-a lcu l ations using a version of the IITR I proqram m- 3) indicate that
irradiated corneal tissue would reach a virtua l therma l equilibrium state

_ _ _ _ _ _ _ _  
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after se vera l  s e con ds  of c n t i  nuo iu ; i r r a d i a t i o n .  The p red i cted peak
em uperatur e is di rectl y proport ional to the intensity of the radi a t ion

sourc e - Thus , the peak temperature increase result ing from the threshold
dose of 66 3/ cm - ’ for 45 sec exposures to 350 nm radiation would be - - D C ,
whereas that for the threshold dose of 72 U/ cm- for 18 sec exposures would
be ‘-24 C.

Using the resul ts summari zed abov e as a s ta r t ing  point, addi t ion a l
exper ime nt .s were carr i ed out to: ( 1 )  provide further evidence that the
observed corneal damage is indeed the result  of a photoche m ical damage
mechanism; (2) qain some insi ght into the molecular nature of the dam age
mm’ ha nic n m ; (3 )  provide input for further theoret ic a l  modeling, e s p e c i a l l y
wi th regard to wavelength dependen ce and molecular rate constants required
to make q u a n t i t a t i v e  predictions; (4)  identify condit ions where mechanisms
other than photochemical appear to contribute to the observed damage , or
where ocular tissues other than the cornea have the greatest sens i t i v i t y
to IV rad ia t ion , t h er eby establishing limits on the ranges of bea m m i para-
meters for which any theoret ical  photoche mical model can be re l iab ly  used
for pred ic t ive  purp ose; and (5) point out instances where ex is t ing  laser
safety stand ards for the use of UV l a se rs (4 ,5) do not appear to provide
an adequate margin of safe ty .

B. EXPERIMENTAL METHODS

The subjects used in these experimen ts were rhesus monkeys ( t - ’ ina ca
mu la t t a )  general ly rang ing in age from two to three years and in wei g h t
from two to four ki logranms . The anim als we re maintai ned and the exper i me n t s
conducted in accordance wi th procedures out l ined in the “Guide for Laboratory
Animal Facilities and Care ’ , National Acade my of ~ri Pn ces - Nat iona l  Research
(ou nc i l .  The pupils were di lated wi th a top ica l  app l i ca t ion  of a t ro p ine
(l~ at rop ine sul fa te)  admm i inistered up to 24 hours prior to exposure . The
anim als were pre-an esthetized with an intramuscular injection (0.1 cc per
kilogram weight) of ketam ine hydrochloride (100 mg/nil ) and anesthetized
with an intravenous injection (0.5-1.00 cc per ki log ram im ) of sodium
pc n toba rh ital (50 mg/mI). During exposure and observation the eyelids
were held open by a wire speculumm i . Cornea l dry ing was prevented by
periodic irrigation wi th norma l saline. Observations of the corneas and
lenses of the subjects were made with a Nikon “7oomn— Phot o ” slit l amp
mn i roscope. Retinal examinations were carried out with a Zeiss fundus
camera .

Ultraviolet laser sources used were as follows : Spectra Physics
l~ 4-nl krypton -ion laser with cw output sim ultaneously at 350.7 and
356.4 nr,, (- - 3 :1 intensity ratio) and a maximum DV output of - -100 niW ;
Coherent Radiation 5OO~ krypton-ion laser emittin g at the same wavelengths
hut wi th a rm m ax imn um mm tV o u t pu t  of only -‘-50 111W ; Spectra Physics 170 argon- ton
laser wi th cw output s i m u lta n l mo hl , ly  at 351.1 and 363.8 mu (- .1 :1 intensity
ra t io )  and a maximum DV ou tpu t of - -1 W; Molectron Dy-b OO nitrogen laser
emittin g at 337.1 nm with a nominal 10 nsec pulsewid th . pulse rep etition
rate variable to 50 Hz and a peak power of \-l muegawatt.
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A cch e ’na t i c di ag ram n for the k ry pton and argon laser expe nime nt .s is
show n in F igure 7 — 1 .  The arrangem imen t for the nitrogen la ’ ,c’r c-x p er iments
wa s s i m i l a r  hut I r ivo l vi’ ] focusing of the beam w i th  a quartz lens as
d i s c u s s e d  below.  The subjects were positioned with the aid of a Spectra
Physics 155 he l iu m-neon ( ‘eO .S maW ) al ignmnent laser arran ged so tha t the
beam, a f te r  re f lect ion of f  a beamu sp l i tter , was col i near w i th  the  DV laser
beam. I n te n s i t y  prof i les were measured w i th  a beam scan apparatus con-
s i s t i n m  of an EGP4 G-SG D100 A photodiode mnounted on a microm eter translation
S t a g ’  d r ive n by a synchronous motor . Spat ial  resolution of the  scans
.- d ,  limi ted by a 50 nm diame ter aperture at tached d i rect ly  to the front
f mne  of the phot diode . The vol tage output of the photodiode was traced
on an ‘ -Y recordir. A typ ical beam scan obtain ed in this way is shown
in Figure 7-2 , the profi le being essent ia l ly  Gaussian in spatial distribution.

~h corne ,m l spot s u e  is defi ned as the beam dia me te r  at the  l/e 2
poin ts as measured at the appropriate distance from the output mi rror of
the l-i ’,er . Usu a lly, a single pulse or train of  pu l s es  was del i  vered t o
tb center of each cornea. Determi nation of cornea] or ltn t i c u lar lesion
~ornma t ion  was mmla (le by slit lamm ip observa ti on at ~-1 8 hours post-exposure .

The power output of the krypton and argon lasers was , n n t r o l be ’ l by
vary ing the cut -rent through the plasma tube. Power measuremen t s w e rc ’
made w i th  a Scientech 3600 laser power meter , the output of which was
coupled to a Keithley 149 mi l l i -m icrovol t meter.  The power m ete~ an d vol t .-
meter were calibrated as a unit every three muonths using sources and
procedures traceable to NBS standard s. Power measur m - ents ta ken i mmediat el y
before and after each anima l exposure , were usually identical and w ere
averaqed. The duration of the exposures was controlled with an electron-
ic - ill v triggered mechani cal shutter. When require ] , trains of pulses were
ijerierated by triggering the shutter at the desired frequency or , for
pu l  - “ w i niths shorter than one sec~nd , by interposing a mechanical chopp i riq
wh ’ - ’ l b ”t ,’jei’n the laser and the subject.  In the lat ter  case , th e pulse—
wi - I t  h was ‘mini tored during the exposure by reflecti m m  -~l0 -; of the chopped
beam Ire - the be ammi spl i t t e r  onto a photodiode whose o utput  was coup led  to
a t-1 ) nS a f l to  1O 1C or Syst ron-Donner 7034 counter / t im e r . The s l o t s  and
spokes of the chopping wheel were of equal width so that all pulse train
n’ip os u r - e - , were at 50- - duty cycle.

pv -ocedure for nioni tori ng the output of the ni t m-ogen laser was
(o ’-U licated by the short ( 10 nsec) pulsewidth and asymnmetric beam
pi - o f i l e . The beam of the nitrogen laser had dimensions of 6x25 tin at
tb ’ outpu t. aperture of the laser , necessi tat ing the use of a quartz lens
(?5~

) 
~~ s focal length) to focus the beam at the surface of the cornea of

‘ -uh subject. This is shown in schenmatic form in Figure 7-3. Intensity
profi bc ’s were r u- ,js jt-rd in the focal p lane using the beam scan apparatus
di’s rihed above . This was accon ipl ished by pulsing the nitrogen laser
at 10Hz , monitorin g the photo diode output with a f a s t  osc i l loscope and
r-ecor ’ling the rel ative intensity at 25 or 50 Im intervals of translation.
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F i i - i re ,‘ 1 i l l u s t r a t e s  a hor izonta l  beam scan obtained i tt th is manner.
I • is s e n  1 t. a lthough the overal l  beam d i a m eter was - 2 . 5 mm , the scan
re-~ ’a1 5 .-.-o lobes with a deep troug h between . Ihus , the cress—sect ona l
OP I 1~- ~-i is sor ’ p )sed of t - ,- / ( )  e l l i p t i ca l l y  shaped lobes and c om r i ea l  doses

1 .-e raqe l over both lobes. Beam scans in the verti cal dir ection through
‘ - ; a ~~ if i - m b lobe are shown in Fi gure 7—5.

F’ir purposes of defining a cor neal spot s ize , the ax ia l  lengths of
- -i ‘ - • - l l i p s o  were tak en as the l/e 2 points of each lobe of Fi gure 7-4 ,

ri - i  he es pecti  ye vert i cal scans of Fi gure 7- 5 . The areas of the t .~n-1 11 pses - -.- ‘~rr’ 3x lO 3 cm 2 and ?x lO ~ cm2 (corresponding to the l e f t  ar id
I ’ ’  h a r m - i lc - hcs of Figure 7-4 respect ivel y ) .  This y i e lds  an e f fec t ive

- ‘ - ca l  spot s i ze  of 5xl0 3 cm

T he pul s ’c- iidt .h and peak power output of the nitrogen laser were essen-
• i - m l l , ’ ( I n s t a n t  for all runs. The pulsewidth , as measured w i t h  a Spectra
~.-- - ics 1 1 1 3 hi gh -speed li ght detector coupled to a Hewlett Packard 184A

(m - (ilbos rop e . Wa s -5 nsec at half maxirm ium and --~lO nsec at the base. For
s reported here the pulse repeti t ion frequency was f ixed at

10 Fl.’ . ~hrn’s hold da t a  we re generated by varying the pulse train length ,
t e e n o i s I e r -  of pulses del ivered to each eye . The average power output

0’ ‘Pr- laser at 10 Hz repetition rate was measured wi th a calibrated laser
r we r  mete r , as described above . The number of pulses del ivered to the
-H im h O d  was deter mined by a photod iode coupled to a counter / t imer.

In order to faci l i  tate experiments involving lonq exposure tim nes
( l O s  and 10 ” s e c ) ,  the op t i ca l  path of the Coherent Rad ia t ion  CR-5 00 K
kry pton- ion laser beam w as arranged so t hat four eyes ( two rhesus s u H € ’ c t s )

r , ’m]d he exposed simul taneously. A schemat ic dia g ram of the setup is
shown in Fi gore 7—6 . A ser ies of four pel ii d e s  (2—8 i’m in th I ‘ kness)
d ef lec ted  a f ra ct ion of the beam onto the cornea of each sub jec t  eye. lhe
f w ~ subjects wore posi tinned so that the opt ical  pa th l e rm ’ i th s  from the la ser
head to the respect ive corneal planes were equal.  Th m ’ m -e fo re , equal b ier
spot s izes ( - 1 . 9  tin diameter) were obtained i t  each cornea. Despite the
invisibility of the UV baser beam , the s ;ec i f i c  area of the cornea being
I rra ’-hi ted was re a dily i denti fled by t he s p o t ’  of v i s ib le  sca t tered
1 i ~ht emanat ing from the corneal surface . I f the s u b j e c t  eye dr- i fted
durin g the e~ m i esure so that a chan ge in he pos i t  ion of the irradiated

spo t relative to the pupil was detected , the data from that eye were
di s’ ;ar ’ ird.

I t o -  i r , t r - r , s i t i e s  of t h e  beam ,l”~ l t ’ i t e t  by each of  the four t e ll icles
we re  Ir , h s - J r r - d  l e f o r r -  -md a f t e r  eac h e pO’;ure w i t h  a S c i m - r i t e c h  3600 laser
; I o w e r  ‘ e f t - , the o m i t  F - i f  c i  which was co upled t e a  f e i t h l e y  b 5OB inicrovo lt/
amef ‘ -  - l) ,o - i r i j t he  e •~~ - ‘ ‘jr - e’, , t h e  power o u t p u t  of the laser was continuously
moni n i  by m i r - a suri nq t f; i n t erms i t y )f the beamn t ransmi tted through

-; t h e  ~ t i re F e l l  ic l~ f p - i ~~r , 1S~~fl~ (I ‘ f o t o t i o r l e  COfl lhi ’ (  i i i  to a st r ip—ch a rt
r- r ’n_ o r -de i  - In h is  wa y .  t i , ,  i - i l c u la t  i - f  energy doses del iv e r r ’ i l  t o  each
co’ n - i  co ;il I f i r -  dot - i - i  t - I f i r -  - mmiv  changes in the laser o u t p u t  durin g the
r ’x p o s l re s .  i i w + - m - t . ;ui p i w r - r  ( j r - i  f t c  w o r m -  neLj l i q ible for all experiment -s
rr- ~

jo r f i’d hi - m ‘ - -

7—7
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Purl r i g  t h e  ~posures , a s ingle suture was ‘ i -ed  t o hold b,i the uI p r- r
l id. The co rn eas wet- i’ irrigated with norma l saline at 1 — ?  m i n u t e  int r - -ia ls .
In order to n u n  imn i ze the tedi urn a s s o c i a t e d  w i t h  this ope ra t i on , a syri r o i ’
de l i v e ry  s y s t r r r  was devised to simultaneously direct streams of saline onto
each of the four corneas.

C. R[SULTS

A s l i t  lamp photograp h of a severe co t -neal lesion is shown in ri qure
7-7. The lesion was photographed at . 18 hours fo l lowin g expo ’ ,ure to an
enerqy dose of approxim nately ten times threshold.  In order to examine
such le sions at the cellular level , several anin ials were sacrificed and
hi stopathologi  c eva lua t ions  of the cornea 1 los ions carr ied out . Fl gu m-c 7-8
sh ows the edqe of an epi thel ia l le sion in a region of the cornea exposed to
a dose of 120 J/cni 2 (i.e., approxi mately twice threshold). The outer
cellular layers in the lesion area were nor-c flatten ed than in the unirra—
ha~ e- 1 area arid the epi the lial thickness was reduced considerably compared
to nor -m~ l tissue. Fi gure 7—9 illustrates a view of the damaged tissue near
~~~~ center ot the lesion area. The cells of the epithelial has ab layer
were swollen and distorted. The flattened e l l s of the squamous lay er took
up such more cosir m s ta in  than ce l l s  in un i r rad ia ted areas of the cornea .
Thus , the damage extended through al l  layers of the corneal ep i theli urn.

Cornea] ep i the l ia l  thresholds were determined for sing le-pulse expo-
sores to krypton- and argon -ion lasers wi th varying exposure times. A pprox-
imn at e ly 25-30 eyes were exposed for each threshold deter m ination. The
dose -response plot for the 120 sec data is shown in Fi gure 7- 10 and is
ty m’ i cal for this series of experiments in that there is a sharply def ined
threshold wi th only a few data points not in a ion . Dose-response plots
for nil other corneal thresholds discussed in this report have been pre-
sented in interim reports ( l  ,8- l2)  and are not reprodu i’d he re . The thresholds
and ~onf i de nse I imn i ts wet - c ca lcu la ted by the method of F’ robit ana l ys i s (6  

‘

The results for s ing le—pulse  exposures are s ummuma r- ized in Table  7-1.

1 hs- corneal threshold for continuous 30 Se’ OX ~ O S U~ CS to the argon-ion
laser (351 . 1 and 363 .8 nrn) was 82 23 ,J/crn 2 

, compared to the  val tie of
• 8 i/ cm 2 found for a 30 sec exposure to the k ryp t o n- ion  laser ( 350.7

and Thh . 4 nrn) . When the wavelength dependence of I lV i rm duc ed cornea ] danma m -• is taken into account , these two thresholds are found to be in close agree-
(1 t Thi s is d scussed mo re fully in Chapter 9. For a 4 second expo sure

to t.he argon laser , the thres hold was 96 14 J/c mm ’ . Howeve r - , under these
( i i r , l i ’ ions , cataracts were induced at a sli ghtly l ower threshold (see
Chapt. c - 10) than corm mr-a i  damage aol , in fac t , interfered with the slit
lamp oh;erva t i  onc of the c om - neab lesions. For 1 sec exposure t i n m e s t f i -

co r nea  1 thre’,f ,o id appears to be in the range of 80—90 J/cm - whereas t i m e
l e n t i r u l a r  t h r -c- ,ho1~l is si n n ificantly lower. Becau se of th e in te r f e re rm e
f y c a t a r a c t s  wi lb corneal observat ions , a quanti t.ati ye det er m i i na t io n  of t i e
cornea ] t hr - -cho ld s for 1 sec exposur es was not atte imipted.

7— 1 1
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I I  (did 7 -7 .  ~lit I amp Photograph Showing Cot-neal Les ion Induced by rica r — F I V
Output of Krypton Laser. Energy dose , - -650 1/ c m . Cot-neal
spo t size , -‘-2 nmmn . The bri ght spot to the left of the les ion
i ’  1 1 1 4 t I  le( I ion Of t i me sli t l 1111] ) sour ’ fro m the m m r r m , - , i
sn f i r - .
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FIGURE 7-8. Photornicrograph of Corneal Tissue in Region Exposed to Near-IJV
Output of Krypton Laser. Corneal dose , 120 J/cm2 . Corneal
spot size, 1.3 mm diameter. Tissue fixed in glutara b dehyde
in cacodylate buffer and stained with hernatoxylin and eosin.
Photomicrograph shows edge of lesion area . The tissue shown
in the right half of the photograph is in the region exposed
to the laser  ra d i a t i o n . The ep i the l i al th i cknes s is re duce d
si gn i f i cant ly  r e l a t ive  to tha t of the un i r r a d i a te d t iss ue shown
at the left edge of the photograph . The debris seen just above
the epithelial surface is an artifact of the tissue processing .
Magnification , 290X.
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FIGURE 7-9. Photomicrograph of Corneal Tissue Showing Cen tral Area of
Lesion Illustrated in Fi gure 7-8. Magnification , 335X.
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F I GURL 7—10. [)ose- response Pl ot for 120— cr’ , nod Cont in uous Expos ures to the
Near— IJV Output of a Kry i t o n — inn Lace ,- . Cot-rica ] spot size ,
1 . 3 mm di ante ten 31 e y r - c . him h cor t ical ex a rm m i nat  i on i S recorded
as a lesio n or no lesions datu m ( le f t  hand s c a l e ) .  The s o l i d
curve is the probab i l i t y  of dama ge (r ight hand sca le). The
absc issa  is ca l i b ra ted  both in tennis of energy dose delivered
to the cornea (lower) and the laser powe r incident at the cornea
(upper).

7-15



IABLL 7 - 1.

Si ~-j T\ py Q~ THRESHOLD I RRA D I A N C L S FO R COR NEAL
[PITHEL IAL LESIONS INDUCE [) BY KRYPTON -ION LASER

(350.7 and 356.4 nnm )

Exposure Time Radiant Exposure Irradiance
(sec) (J/ c rn2J (W / cm 7)

10 26 1(a) 2.6~1O~~

iO~ 21 ‘ 4 2 . 1 - 1 O ~
120 53 8 0.44

45 62 6 1.4

30 66~~~8 2.2

30 82 + 23(b,c) 2.7

18 66 8 
- 

3.6

4 - 96 4 14(b ,d) 24

(a) 95 confidence limits calculated front slope of probit line.

(b) Argon-ion laser (351.1 and 363.8 nrn).

(c) Threshold normalized to wavelengths em itted by krypton-ion laser is
67 J/ cmmv ’ ( see Chapter 9) .

(d) Threshold normalized to wavelengths emitted by krypton-ion laser is
79 J/c m 2 (see Chapter 9) .
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1 1m e “ 1 i t  m l  ia ]  thr r- ’ ,ho ld found for - cont inuous 1O~ rem : e x po s ures ~~~
- 1 l / rm n - , a s i g n i f i can t  decrea s e from the th re s ho lds  l i s t e d  in Table 7 —1

~~~~ s ho rte r  ex p os i tm - e  time s .  For- 10’  ‘,ec exposures , the thre s hold was 26 +

0.5 3/r un- ’ . The experimental apparatus show n in Figure 7-6 was used for
t Im-se two thre shold detenmm i nations .

Co r - mr+ ’ ,il t h r - e - hm i l  dc were a lso  ‘ l e t  e i— nli n+ ’ l f i r  mmmii i t i p 1 e—pu i  sr - krypton
l mc ’ r e — p - m s u r e s  w i t h  pu ls ew id t hc  rang ing f rsmi ’  250 uisec to 1 sec.  In r - ,i h
ca y ’, th e  pu lse  t r a i n  leng t h  was l i t  crc at 51) duty c y c l e .  Tru e thresh o ld
I t ~~- m  am - ’ s vi ’st r i zed in Table 7—2 which a lso l i s t s  the i rr-adiance per pulse

-1 -li yer - + ’i I to t h e  ( i t - r ca and the c a l cu la ted  i rr a diar mc which would he m- eq uired
to de l ive r  th e respect ive threshold dose wi th  a s ingle pulse o f  the same
pu lsewi ‘ft h

f i r ~ th r e s ho ld  fom - exposure to t m - al ns of 10 nsec pulses ft-om the
n i  t r m - i” r i  la se r (337. 1 nun) wa s found to be 8.4 + 3. 3 ,J / c mrm . The appearance
of t -  - n e a l l e s i ’ m r m s  induced by the nitrogen laser is di f fe rent from
+ imo - - e  i n - lu r e d  by the krypton —ion laser , in that the form er show m d i  cat io rm s
of m echanical f aring or fracture of the epithe l ia l l ayer.

u. : i , - c  m c 1 s j ( m ~

i” corn - a l  epi the l ia l  threshold data presented in Tables 7-1 and

~-2 are plot  t e l  in Figure 7—lb  as s ing l e—pu lse  i r m - adiance vs .  pu lsewidth.
W i t h  i -  Pxr~’pti on of the extreme pubsewidths (10 ” sec nitrogen threshold ,
and 10 ~nd 10 ‘-er krypton thresholds), the data fall very close to a
s r i  i q fm t  l i m i t - rep r ’ e r i t i nq an energy dose of - -67 3/ cm - deli vered to t I me
curm uea. Th e fa t that the product of threshold intensi t y and the puls e-w idth
is a n n Y m r r t  ( r  “ciproci ty re lat ionshi p) supports the pos t u la t ç that the
co rne~i 1 ep i~~ e 1 ia l  da m age mechanism is a photo c he n m m ical  proce ss~~ 

,13) .
Mo r+-o v -r , t he pn- irnary mi echanism appears to invo lve  a s i nql e photon a bsor - pt ion
pr -cress since the thr-es hold is linearly dependent on both pu ls r ’w i  dth and
in t+ ’ r e - i t y. It sh ould be noted that the thresholds f i r m ultiple-pulse
exposures are in agreement with those for sing le-pulse exposures. This
c l e a r l y  I’ - - ou s t  ra tes  the cumulat ive effect of repet i l i ve  pulses ari d pi-ovi des
f - 11 t m r  Sup por t for the hypothesis  of a photoche rni cal mmiechan i Sm. The s e
cr -c u l t s  a n ’  in di s t  i up t C oni t . ras t  with what would be expected for a therma l
da ma g e ~~r-~ tra n i sm S i ’m ’ the tine between soc ~~~~~~ ~ ye pui ses ( up ~ 1 sec
sb~ u ld p ep- r i  consi derahie the rm - a l  relaxation ’ i) of the irradiated t issue
tn ’ I p ’en lu de a cumul at ive thermal bui ld —up.

rI h r  evidence for the h y p othr ’ s  is of a photochemi ca l damage nmie :hani sm
i~ of fered by the fa rt that the damuiage threshold appears to depend upon the
ambient o~ -~ge mm cons ent r i ti on. I xperi rnents conduct i’d in an oxygen —def icient
- ,t m i c; m f ’ri’ ( i . e . ,  flushi ng t i e  corneas wit i, -ni troq enm gas) indicate a dramatic
j r  r i- i  ‘e  1 n t1 1 e I m c  i l - m i t  energy dose req u i rod to p roduce cor-nea 1 ep it lu - li a]
1 - c l e r i c  (see Chapter 8).
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TABLE / -2.

il’ -1~- ,
~iRY OF T HO FIS FI OLI) I ° PR D I IP I S F 1)8 CO lNI  AL

LPI IHLI_ IAL L ES i H~l’ , UP) ’ ‘CED BY ~~~~~~ h u N —I ON LASER
(350 .7  and 356.4  n m )

i t  m i l e — P u l s e  L x pnsures
~ ~

) U- - e c  Pu ls e T ra i~~~ ~~~~Du~y~~yc le~

Ca l cu 1 a + ed Jr - a’f i a nrc
I r m - ad i a nce fo r l m n t - r~ - 1 -1  Dose

Pm j l sm ’ i - i i d t f i  Rad iant .  F x umosmtr - e (Per Pulse)  Num - i lo r- o f  d e l i v e r - I  in S i” g ie
( r i s e s )  

— - 
( , m / cmrm - 

- 
( W/ cr r ) 

- 
Pu ls e - s 

- 
‘ ulse cn~~)

1O~ 
, g ( a )  4 .4  15 0

20 67 ‘ 6 4 . 4  7 . 5 - 1 0 -  3 . 3 - 1 0 - ’

5 ~~~ -; 10 4.2 3- 10~ 1.3- 12

2 71 + 15 4.8 7.5 .101 10’

1 + / - 1 ; ’ 4.5 1. 5-~IO 
- 6 .8 10

0.5 71 - 10 1.7 3~ 1O 1 . 4 - 1 O ~’

0.25 r - ’I - Id 4 .3  f- - i D ’  2 . 6 - 1 O ~
- ~3 (c) 1.1- 10’ (( (d) 8. 2-  108

(a) ~~ i - n t  j l + - r t + -  1 i n m j t ’ , ca lcu la ted  f r o m  s lope of prob i t 1 l iv’ .

(b )  O mit ,- c ,i l r - . 10~~ . -

(c) Ni t  r ’ ’ - -rm 1 m m - i  (337.1 nmrm)

( ‘ I) Pu 1’ -~ - j~ l ~- rrg tim . 0. ‘- 1 sec.
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[)es~mi I ’  the s t ’ r m ’  ev iden t  e fo r a phot c i l w - m i m i c  a I da ummaq e i i r - ’ lman i i s r m ’ ,
i t  shou ld not hi’ as smu m m ; e i l  t ha t  t i ,, th resho ld  i r r o i l i , m n ’  e - i s .  pu ls r - -.-ii d ! t
cur ’~e (Fig. -‘— 1 1 ) for ci ogle pulses can he extr apolat ed tO exposur e t imi e s
~‘ ich les s  tu t u , f o ur - s’’ i .omu ds , since for si ion t i -r - pulsc ’v ~idths , It is possib le
t i m - i f t he hig h ,- , - ‘ ‘ ‘ ak pnwers would he s m i f f i c i r - n r t  for f l m i ’ r - m mia l dorc - m ’ j ’ -  to occur
w i t h  lo we r — en e r g y  doses t han  m- e qml i m r’ iI to i n md i is , ’  phot u i  iv ’ uu miu , m l damage.
Fur- t he m - , th e  co n- ,

~ t o t . r -ui e m - g v relati onship v , u u m j l - l  he e x u m e c t e d  I i) hold only
as F o r u m as 1 + ’ exposure f i r ” , am - i t long compar ed t i, t i m e  l i f e t i m e s  of any
t r a n s  i i’nt speci es wh ich  nray he precursors of t hi’ p him t i ,  m m r l m j c t s  (1
r i ’ m , i l ly .  at -.‘ p r y  hiah pe a b powers , addit ional pr-cic ’sc es s’tc m m as m u l t i —
u h o t n u  absorpt ion , d i e l e c t r i c  breakdown or acoust . i c shoc k s t y  l~e I rm vc ~1 -i ’- ’I
in t o -  p ri si, y d a rumag ’  net Im ani su n . In fac t  , th e t l u r - + ’ sho l d fom 10 rusec pul ‘s i-S
od tain e— l from t he n i t .m ut er i loser (1 mem law att v’a~ ow e n)  is n ’-~m rl y an o r d e r

i~ rrla qn i f ude 1cm ’ ’ -  than 1, 7 3/ c m 7 , ind icat in g t oo t in lO is c— is i ’. sonme ‘tI ’r ’r
unechani sun is more e f f ic ient  than the presumed photo i h r - m n ri l pnie O S S

Also show n in r igum- e 7 —lb  is t i m - cerneal max imum permi ssi ble “ usurP
(~-f E) sug -~’ ’s ted 0 ~ the Ame n co n Nat i onal Standa rds Inst i tote f un ‘~3l 5 tobOO nrc rod i at ion ( 4 )  . The ,~‘bS I c tandar - d fo i l  em’ , 1 1 3/cm 2 l ine for “x pos o n’ -

iOu ’S I i i  to 1000 sec . for longer exposm i ri t i umes , the p resent 1 y re c om ’ r r rm en t e l
M r  a pf u r o i s hes  a const ant ir-radi ance of 1 mm uW/cm 2 . This t rend js  q u - u l i t a t i v e l y
consis tent  w i t h  predi ct ions based on the t - r ìa l dama ge mecnarmi sr mm s ~~ ,1’~

) 
.

eve r , our data for long o~posure times ind icate tha t DV — i nr lmo i’d c or n i - - u i
dam m raqt - ’ inst i l  yes a phi - f  erhc-n ,~ ca l mecharm i smm r and such e f f e c t - ;  ire genera l ly
regarded to hi’ cumm ilot i  ye at least  over t ime s necessary  to e f f ’ - - . t a ri-pal r
i m r  m - i - ) lac em um ent of the i 1, in p i r u ,~d tissue . In th i s i n s t a n c e , f l i t ’  on ly a v a i l a b l e
- u n t i d e lines t h o t  i nd i ca t n  f lu , -  period of t ime over  wh ich  rad ia l  io n loses umma -,-
be c urm u l a~ i Vt ? a i r ’  t he data presented here ( m n deve 1 opunen I and rr-pa in of + he
laser — i r m I jced co cc i -a l  los ions and somne ea r l y  work on e 1 fec t of non—cohen -ni t
2 r a d i a t i on by V e r- hoef f , et a ] .  (15) Based on these r e s u l t s , i t s e er m s

prudent Ig ‘ I ’ SS IJIi iO th at , the c ’ f fe u f ’; of near — I JV r - ,i ifi~ t ion  0m m cortical tissue
w ill be cur n u la t i - j e over a pe r iod of 24-48 hours.

I n any event , t he dat - i  for lO~ arid 10 0 sec ex ) os :J r r ’s  c l e a r l y  inm d i - r t e
li - nt t Ime thresho ld irr adiance vs. pu l’e o i ‘Ith c u r - v t -  f o r ’ s not beve l  o f f  at

l O t  sec as su~ qe s t e d by the A NS I standard. Indeed , c lose  m - x a m n m i o a t i o m i  revea ls
l I m i t t hi-re appears to he ~t s l i ght docr t ’as i ntj tr e n d of  t h r”’’ ,ho l d energy dccc
w i ‘ -  increri s I rig r ’ x u u ( u s U f - r ’  tinie . There does riot appea r t.o he arm y theo n -, ’~ i cal
t ’ as i s f u r  th is t rend w i t h i n  t i m p nm tm ext  of a phot oche n mi m a ]  model - Rat’ier ,
it is o’ ,sumed t l m d t  t i c ’  r l , - t r imnent  ii c o r ’ m r - r l  e f fe c t - - w hich accr u e du r- i ru g m mi i i
e xpoc u r  cc wi I~i u repeat eu s a l i ne i m - rig at ions account fo r— t i m e  enhanced or - nreo I

- - en s i  t i v i t y .

* Th° tr end of ‘ Im ’cr i ’a ’ ,inq threshold tor i - r oy wi  t.h i m m ’ rr’ - is l  n- u ‘‘ F’’ - u ’ -  t ime
- in  lie ‘m e nu in F i u u n ’ r ’ 7— 12 where t he  l m cu ’ u  p u l s e w i t i t h  ( - 1  set ) p e r - f i r m  u - f

Fl u -’- 7—l i  is p lot ted ‘ m m  an e~~i anm l’ -d sca le. The slop - 01 the  ~-. u u i - m i ’ ’ r ’ ’ i t - i l
c ur i e  is ste e pe r  t l m , m n t h a t  of in equal i - m i c r o ,  d im -y e (e .g . ,  the -~‘N -- I
cui r ’Vc  f u r  I - 1( 1 ( 11 1 ‘ , i’t. ) - i n t l i n m t i ’ ns r r t s  the - - -p m u m r ~m m u r r ’nulr’d cons t m m )  m m ,  i d j i n r u  e

~e jr iui ’ n t of ~hi’ AN ’ - I curv e it --2x l0 0 t e c .  In c o n t r a s t , t he ( 7  1/ u r n  
- curvu ’

of Figur e 7 —11 would i rut ‘ - r - ,’ -u -. i the 1 m ru W / cmm m - ANSI cur - v ’ it . ‘ l x  O ’~ sec. Thus ,
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the exper i me nt - i l ,- osuu l  ts sn u ’ u g ’ - st .  t ha t  for exposure times greater than
2>10’ sec , the A NSI MPh numay he hi gher than the experimenta l thresholds
for co ur t -il ep i thel ial damnuage. The threshold of 26 J/cm ’ found for 10”
sec exposures is only a factor of 2.6 above the AN S I cornea] MPh for
this exposure tin mie . This does not appear to be an adequate margin of
safe ty , especially in view of the significant changes in threshold with
wavelength discussed in Chapter 9. Thus , on the basis of near-UV corneal
threshold data for exposur e times of up to 10” sec , it is recommended
that the near-UV corneal MPE should be extended along the equal energy
curve (1 J/cnr - ) to exposure times of at least 10” sec.

7-22
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CHAPTE R 8

O:~iG~ N DEPENDENCE OF NLA R- UV INDUCED LONNEAL DAMAGE

Joseph A. Z uc l i ch  and W i l l i a m  E. Kurt in *

A - I IRO DUCT I N

Ha i- mm if u l e f f e c t s  of near-u l t rav io le t  (~ 2O-4 OO nnn ) rad iat ion on c e l l s
‘ m m ’ .” bet - mm w idely report e ul  in recent y e a rs ( l - 3 )  . Such s tudies have genera l l y
“a l t  w ith st ra ins çf bacter ia  and have used end po in ts  such as percen t age

of cell letha l ity (4) or- mm itagenic it y (5,6) to define the nature and extent
of the damage. As ide fro m the work d iscussed in this volume , reports on
‘he c~f I r ~rts  of mu e a - m - -U V rad ia t ion  on ocular t issues are few in number , and
u ’ r i m ’on i ly  inv r lvçd e~ pos ru re to l ow- intens i t y  broad-hand l ight sources over
Ii rolonqed ~c’n i ods~ 

7~ ~
) 

- However , two recent papers have discuss ed cornea ]
ro d 1 err ti co la  r t , i m u ma u u r ~ induced by 325 nun radi ati on from hel i un i—c adnmi uun

l , m s er — (9 ,10).  The work reported hen-c is concerned w i t h  ocular  hazards nf
near- I ll -9 1-gUn-ion laser rad iat ion in pr imates.  In par t i cu la r , the nuost
srns i ti ye ocrul  ar t issue for the exposure pa rameters of interest  has been
fuuuu nd to be the epithelia l layer of the cornea (Chapter 7 ) .  The end point
used t o define damage is the observat ion of a macroscop ic cornea ] lesion
(analogous to a s kin erytheumm a) ,  a l though i n  some instances histopatho logic
ex a m ina t ion  has been carr ied out to descr ibe  the damage at the microscopic
le v e l .  The les ions appear as o p a c i t i e s  on the sur face of the cornea , the
shape of the les ion  being cha r-ac te r is t i c  of the laser  beam l i rmme nsions.

Iha lj f o r  7 of  this report discussed t Ime i nd m uct ion of car-neal epi the] i a]
damage in ,- hes u u’ , m mmci nk eys eA po se d f 0 l h -  near — MV output ( 3 5 0 . 7  ari d 356 .4  nuim )
of a F ryp ton- ion  lase r - . A corn - ,ul i r rad iance of 2 .2  W /cm is su f f ic ient

i n Oi s e  observ a b le  les ions w i th  30 sec exposures.  When the exposure
dmj ra t i  ‘s ri is v ar - i c o d , f i r  t l m r ’ r s l m n l d i rradia nce correspondin g ly changes in
such a way thci t t Ot ’  total energy dose remains at - 60-70 3/ cn m . This  reci -

i t.y re la t i unus h i  p between laser in tens i ty  and pmi l s ewi  dth is taken as
evi ‘b ruce t i mat  the muf u ’ e r - v e d  daun uage is the result of a s i nq le— photon photo—
chenui ca l c c i  cc ’ , - T l m is hypothesis is further supported by the fact that
th e  i- f ti- Is of ni -pet . i  t i v ’  r - xpos nu r - ’ ;  are cuur u m ul a ti ye whi 1 ’  the threshold
‘- ru ’ r ‘my u )u i s i  ri- mulct i rus sa ris t i n t . n v’’r w i de ranges of 1)11 1 5~ W~ dths and pul cc
r”u )etit ion no ’,’ - . Threshold data were obtained for multi ple—pulse exposures
w I t h  pui l ‘-o i O r h’ ranqi rig from ?50 sec to 1 sec as wel l as s ing le—pu lse
exposures wi th  Ou r - at ions of 4 to 10’ si-c. The thres hmold dose is ess entially

oru~~t ,, r u t u mv ( ’ r  f l u  is n- ami go of pu lsewidths with an aver-age valu e of 67 3/ c m - ’ .
iii j~ v- , ,  ~~~n’ is of t Or ’ so mime orde r of um ra qn i t ru d e as ohs u~’ rye d ~rea k s in s urv I va 1
cur v r- ’~ of o il  c m i i I j r - i - s  exposed to 365 nmmm rad iat ion s 11 ,12; •

N u t  i n nm ,il ‘ u i i m u u ” b u n - l i t  io n F i n m u l t y  Nesea r i li Part ic ipant , Suimiuuer 1975.
F e r r u u , i m , ’ m r t  i ’ l ’ l n ’ - c c :  I i e i u i r t m u u ’ m r t  o t  Chemistry , Tr ini ty Universi ty , San
A n t ’ r u i o , Texas , 70?N4 .
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l u u ’  Ft-n + u t i c  ~h+’r i - i i i ’ s  d o t e  hi’ ‘ m i t  ii ni’ of f l u , - 1-ho t r j — i c ud ’ , ’  ‘ - 0 d u u u u ~e
in t ’ m e  r ’ i ’ i t u u ’ - l i a l  i c l i s , t h e  ‘ f i t ’ ,  I uf oxygen con r - n m t , - ,s t ion at  t h m u - o n r u c - u l
suir fa i’ has h - e n  in .es t  iqa t  i - u t .  A irked oxy gen enham o i- mont in the phot o—
in u - t i v a t  ion - - t  b u t t - r i  ii cells by niea r-TI V l inhf . has hr ’e mm r e p m t n t r ’ u i ( 4 )  . A
si i’ mi b r  ‘. - ‘ - u ’ r u deluenderre ml near-MV le thality i -u-n ’; rc ’ ( emu f l y nt-ported for
t wru r m ma m :u m u m ,i l i - u n  c r -il i i nes ( l  1) • The ex per im e nts  decc n ihed  hel ’w w ere designed
to t e s t  for - i F loss ihle oxyg e n dependenc e of the producti on of cornea 1
PI)i t i m c ’ ] i a 1 ] es j o n us -

B. ‘ l i _ P b-ll N fRi. Mi T 000 S

the sub ’ ~ect s used in these experi m mmen ts were rhesus nmo nkc ’yc (Macaca
m u l a t t o )  genera l ly r-ang i rig in age fu ’om ’~ two to t h u-ce years -1n u l in w i - i  qht
+ roun t w- u u t i  four O i l  cmgra rns . The aniu iua is were niai rita i ned rind the expe r- i i”mm ts
coniducted in accor da nce w i t h  procedure s ou t l ined in the  “Gu ide for La bo ra t uun ’v
r,ui i m m o l Fac i l i t i e s  and Ca n ”, Na ti ona l A c a demy o f Sc ienc e s — Na t i o na l Rese a rc h
I o iunr ii

rh,’ an imu ma ls w i ’ r ’r- anesthe t ized w i th  an in t ravenous i nj ec t ion  (0.  5— 1 .0 cc
pen F i lc uq r - a ms ) of sumd i  uumi pentonarbi ta l  (50 mg/nil ) fol lowi rig preanestheti c
- ‘- ‘l-ttion w it.h an intram umuscu lar injection (0.1 cc per k i loq ram vu)  of ketaniine
‘ uy l r cch i lu in i de  (100 mg/ rn] ) .  The pupi ls were d i la ted w i th  a top ical  app l i ca t ion
of a t rc t p ine ( 11 - a t ropine su l fa te)  administered - -24  hours prior to exposure.
The corneas and lenses of the anesthet ized animna ls were exa m ined  w i t h  a
S i b  on “Zoom-Photo ” s l i t  lamp nuicroscope. The acceptable s ub iec t s  were
f i t t ed  w i th  a set of qoqg les containing vent tm ihes for introducing f lowing
gas over the i- y r’ s . Oxygen , nitrogen , or ambient air was passed through the
(uo )g les a a f low i-ate of -0.4 1/mi n for 15 mmmi n pri or to exposure . The
e y e l i d s  we ro ’ then retracted by means of sut u res , wi thout  d is turbing the
upu( uq le’s , and the corneas were exposed to the near-MV lacer radiation . The
gas f low was t” runnnated and the gogg les ari d sutures removed immediately fol-
iow i rig the ext osm u r - . The subjects were kept  in si nule caqes w i t h o u t  f u r t h e r
t ri-a t i me d t iunt ii the post — exposure cornea] exaunm i na ti arts . They w e u r ’  then
Si - n a ted w i t h  k r- ta m i ne hydrochloride a rid exa uuui ned w i t h  the s l i t  1 amp mmi i croscope.
The c o ru s c ious subjects did not exhib i t  any recognizable sy umu pto mns of eye
irritation at any tiunue following the exposure .

A schematic repres ” r mta t ion of he exper im u menta ]  set—up is shown jim
h i - c u r e  8—1.  The I IV so urce was a Spectra Physics 170 a r - gun—ion  las en -
‘- “u I pped w i th  op t i c s  to y ie ld  UV output s imu l t a neous  1 y at  35 1 .1 ari d 363.8 m u m m u

i~ fensi t i  m a  io ‘x- l :1 ) .  No a t teum n pt was m ade t o separate th in- -c two wave—
l , -n i ~ ths for  t he expe c -i m mm cii ts n-eported here . The sub jec t  c u-; ‘‘nt non i t  i oned
wi tI m the a id  of a S pectra Physics 155 hel i urn—neon a]  i qnuuuent laser ( - 0 . 5  - m W )
a rr~~q - d  so I b r a t .  t I m e he auuu , after refl ect~i rig o f f  a bea nuus pl i t  ter , was co 1 i r m i ’ a
wi t I m tIre I l l _u la ’ ,er beam. Intensity prof i les were meon m irir d w i th  a bea uuu scan
appa c-u t mis ‘- (urns I sti rug of an EG~G—SGD 100 photodi ode uu m o uirr t ed on a mi cr - u m m ’t i’r

• t r , ins lof  ion sf ~ c;r’ dr iven by a sy nchrono mis mu motor. Spat ia l  r - e ’ ; o l m ut i o n ur f  the
- , u ,in i- - - i ’ I i un i t e u  I-ny -i 50 u - n m di , u ru u+ -fr ’ r ap er -tur-e at t - uch ed d i r e c t l y  t.u the
front  f 1 ’  of the photodiode . T I me vo l tage output of the photod iode
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w - u ’~ I n aced on’ arm ~—Y n r - u ; u i r - ’b ’ r - . ft. ’ Ime arn scar - n pr-o h 1 -  u- i- is es- ,, -n i t  j a Il ,-
( ; l m us s i ,- 1,u in shape. The c o r n r - ,il sp o t  size was def in ed  as the t - ,j r ur di , i u m i ’ t c - n -
at I he li’e - p oints as m ut easured at. the appropr iate distan ce fr-orui the output
uni i rror of the l aser .

fbi - power - ‘ m i t  put of tIme argon —ion laser was contro l led by v du - y  I ny the
c - i , - r - , - n t  t hrout ih the plasma tube . Power nue a suremmuent :s w e re  no d’ - w i t h  a
Sc i’ - n t ’  h ~r’0fl la- ;e n- power meter , the output of which was coupl - t l  t o  a
I ,,’ i t  t i ] - y 1 -l’i mmm i 11 I — ru m i u rnyn 1 tnuie ter . The power meter and the vol tm im rs ter we no
ca l i b ra ted  as a unit  using sources and procedures t raceable to NBS s tandards.

Ihe — lura t ion of t I re expo sures was con t ro l led  w i t h  art e l e c t r - o n i c a l l i
t n qqere ul  mmmccrl an i cal shutter.  For the expe r - i r~men t s reported here , each
cornea u-uo ’ ex pos e d to the MV laser - rad iat ion for 30 sec .  The laser power
outp u t was var ied in , order to del iver the desired dose to the c o nnea .

The irneas ef the exposed eyes were re— exan n i ned w i t h  the s l i t  lamm ip at
10 hom irs post - r-x pos ure and lesi art formation was no ted  at this t u n e .  The
18 h u u i m u - c r i t e r i o n  was es tab l i shed  by ear l ie r -  work w h i c h  ind ica ted  that t h e
‘mea r- lj V induce ul cot -nea l lesions reach ma xiruma l deve lopu mn ent at 12 to 24 ho u rs
f o l l o w i n g  e - pocu re  (Chapter  7 ) .  S l igh t l y  s up ra—thr c -sh o ld  le s ions  appeared
as w i - l i -de f ined  spots on the surface of the cornea , being more re f l e c t i ve
to the s l i t  lamp light source than unexposed areas of the cot-flea. The
spots had a fa i r ly  even texture if the exposure w a s 10 or mon -c above
t hresh o ld bu~ exposures c loser to the threshold dose of ten y ie lded les ions
w i t h  a “ patcru y ” appearance. There did not a l rpe a r to he any si gni f icant
depth associated with threshold lesions. However , exposut-es of 50~ or unrore
above threshold ca n ce l  c ra te r—l i ke  ef fects w h I c h  a~up ar -r ’ntl y penetrat r ’u l  the
t ’ p i t i m r ’ l i a l  layer of the cornea but did not a f fec t  the underlying stro nma l
layer.

The damage threshold was def ined as t he enut ’ n g - /  dose for wh ich  50 of
~,e exposures wou ld produce a les ion.  T hi-eshol  0 ener ’ r m i en and 95 conf idence

l i rn i t.c were ca lc u u ] a ted  by pro hit . an a lysis (l4 ,]~i) . A nm ii n i u n uun of 25 eyes wo n
used for each threshold deteru m mination .

C. RESULTS AND DISCUSSION

The thresho l Os for eyes f lushed wi th  oxygen , ni t i-oqen . and normn ua l
- i t - uoc phere (control eyes) ar m’ summarized in Tab le ‘ - 1 . Dose—respon s e p lo ts
of the mw data were pre sented in interim m i reports ( 16 ,1 7) . It is seen that
t ’ m u -  rhr r -sho ld for nitrogen f lushed eyes nm a rked ly increases n-d a t ive to the

m t  rol , and is roug hl y twice that for eyes in an oxygen-enriched a tuuuo sphere .
However , the dependence on oxygen concentrat ion is actual ly  nno n-e dramatic
than t h  is factor  of two when the extent of damage is carts i ( Iet ed. For eye s
flushed with n i t r - uo le n , t he corneal lesion s induced by doses of as high as
180—200 3/cm - ’ q r ’ nm r ’ r a l l y  appeared as u n mini ma i or barely v is i h ln -  lesions. E- e- ~
f lu s h - I  wit h oxygen showed re la t i ve l y  seven - c lesions w i th  doses only sli ghtly
in excess of the threshold value of 66 3/cm- .

8-4
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TABLE 8-1.

CORNEAL EPITI-IELIAL THRESHOLDS UNDER VARIOUS ATMOSPHERE S

Threshold Dose 955 Confidence Limits *
Atmosphere (3/ c m 2)  (3/ cm 2 )

________

Air 82 58-104
(control eyes)

02 66 56-77

133 116—155

*Calculated from the slope of probi t line .
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St  ~- f i , ”; ‘-v ‘ i mu m r ’ ls ,- r ( 18) , lakahash i ,  et al . (1 9)  and III 11 and Fa t t ( 2 0 )
m mdi ,  - i t t ’ t h a t  f l us h inq w i th  n i t rogen  q~is is e f f e c t i v e  in ‘ l iuninishing t . hie
o ’ - ,- ’ue n t ” n ms ion w i t m t m r u  t I me e p i t i m e l i a l  ce l l s .  Nle a s mi r - n rmnr ’ ruts of th~ exact
o\~~F r-nu o nus ion in t h uese c’’l is under a n it rogen a tmos luhere have m u ’ s t  hr-en s

be. If t h u ,  r-a te at w ln i rh the cell  s cons ummue o xy q e n u renm ia ins constant  as
the o~ y I n  F n r r ’ ’ ; s m urm ’  is reduced , the cel ls  would become iinox i c at  low
o~ V~F r -’n pres sures.  However . t h - m e  is evidence froun other hiologi cal ny’ t i -u-ms
hot- an oxygen-tension dependent oxygen consumption ra te (2 l ) . If this is
t h e  ca ne , then even at zero oxygen pressure the epi thel ial c e l l s  may s t i l l
have a nmna ii oxygen tent s ion , de tern mi rued by the rat ’ -  a t  which oxygen could
b e  1 - l i  ve t -ed to the cornea fronm i the aqueous huuiior. We have no quanti t a t i  ye
inidi t  a t  ion that the corneal suirface cells become anoxic after onl y 15 miii
e~ l ms u re to  a n i t rogen a tmosphere . It is poss ib le  that  the t h r t ’ s h o ] d

- -,o ru l d  t ie h iqh ’- r -  than 133 J/cnu2 w ith fut-ther depr iva t ion  of norma l nxy uer u
u rs i ent nvi t ions. Sinmi lar ly ,  w ith prolonged exposm ir - e  to an m- r i r I hed oxyyen

a * ‘ m o s t - h e r e , the hazard fr om mi near— MV rad iat ion may be ‘ v r - mm g rea te r  than
that ref lec te - -i by the threshold of 66 0/c umn 2 o b t a i ne d  in this wo rM .

T he molecular  t a n u j r ’ t . s for the oxygen dependent nea r- MV i nac t i va t i on
of ‘- o u ’ ,nal i arm ccl is a i- c no n t known . Our resul ts  may be interpreted as
“ - - i l e n m y -  for a photodyna mn ic e f f ec t (?2 ,23) , but do not d i s t i ngu ish  between
‘- eve ca l pross i bl it .i es such as dam nuage to the DNA tenuupl ate , to DNA repa I r
p r o c e s s e s  or to RNA metabol ic  processes (24 ) . it is a lso poss ib le  that
‘ m i ’  e f fec t  is due to direct photo—oxidat ion not invo lv ing damage to the
genetic rnach inery (25) .

Ii is in te cm - s ~ iruV to note that an ear l ier report  of ncia r- ’ JV l e t ha l i t y
in mm a m u u u uo l i - m u  eel ls~

26 ) was later shown to j nv 9 l ye t he lurod mu ct ion of to - i c
- ‘ - ‘ oprodu c f s  in I,” t i s sue  culture nuied ium~

27) . The umnore resent work of
i n f t mnm ’ ari d T yr r, 1 1 . 13) deunuonstrated the oxygen de p ” mmr l e nm ce muf near- MV

] * -t O i j l i r - i  i~ i im n u m ms u l ian  ce l l  l ine r by i r rad iat ing the c m - l i s  wh i le  suspe rud ed
in rn i ru r- - l m n m ic b -m i t f i- i  ra the r  than - n in tissue cul t a m - ’’ uned iunrm . ~he am p roach

I ru ‘ii s w i c k  h-i s the advantage of observing the oxygen dependence of
n u ’ - - r ,- m V  le t  m a l i t  y in ru~am u~nua 1 ian ccl ls in s i tu .

From t b ”  v i * ’ u - i F - u )  nt of laser hazards , these expe rinuments should be
irs mind in o nd i -c  f -u  deterumuine the extent of enhan c eu um e uut of neat - - MV

sensi t j  v it / for s i u l u j e u t - s  in an enriched oxygen - n atunospher e for  prolonged
le n  ads and t o  nra  - ,ure the demi rep of protec t ion fr om near-IN radiat ion which
n o v  he afforded to sub j e c ts  whose corneas are sh ie ld r rd fr o m nm at nm uosphe r - ic
o~ ’,-qr’n. In par t icu lar - , the ef fect  of con tac t  lens use on the co t - nea l

hn” ,hold could he inves t i g a te d .  Addi ti onal m ’Ape r i mmm ent s along this 1 i nip
w ou ld further el uc idate the nua l u ,- m? of the involvement of molecular oxygen
irs the I V _ i ndmuce i l cornea 1 dauula u u r nmcchani sin . D iscover y of the fact  that
o x v u ; er m is in t i rn iu t r - ly  involved in n t I m ’ - ’ fo runuation of ep i thel ial lesions
un lmuc t ’ d  by n,- - ur- .- IJ V laser r a d i a t i o n  is arm inuportant step towards s peci fi at ion
of a mno l r -m : u u la r  mechani ‘;mru in su f f i c ien t  detai l  to y ie ld  a worki  rig quant i —

tat i ye m msu ’ lc ’ l
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CHAPTER 9

ACTION SPECTRUM FOR N[AR-UV INDUCED CO RNEAL DAMAGE

,Joseph A. tuclich and Wi lliam E. Kurt in *

A . I NI IUD J J CT I N

Phot m uc he i i ni  cal  mum - mo nis ms for nea t- - MV induced danmage in the cornea ]
i t i n e l i urn hive been ‘Ii scui ssed at length in Chap ters 7 anu l 8. The

de l- e n i l ’ s r t ce of threshold dose on the intensi ty and pu lsewidth of the
t-ad ia t ion sou u rn m - together w i th  the cuumu u lati ye ef fects of repet i t i ve
pu lses now appea r t.o be we l l  understood. However , no i ru fo rm a t ion  was
u ’ u i : ’ ~’ innis ly a v a i l a b l e  teqard ing the wave length  dependence of the  co m -neo l

in rm ’~ hold.  Si nmce the AN SI ~ ~andard quotes a single MP E for time e nut i  m rs
w ,iv e ln- uugth  range 315-400 nnm~ 

i 2) 
, it is necessary to determmu i ne the wav e-

le ngth i b e t c ndence  within this range in order to assure an adequate nuargi n
of safety for- all exposure parameters .

B. EXPERIMENTAL METHODS

S e v ’- t - o l m m~ , mr - — l J V  eumt i t t ing laser - , w m - re ava i lable , hut the spec i f ic
wa /f - le ngths c i i i  t f m - d  were not su f f i c ien t for deterumui n- n irig an act ion sp e ctr - u rn
over the wav e len g th range of i n t e r e s t .  There fore. a xe non arc lauuup w i t h
re l a t i v e l y  mini fo r - un outpu it throughout the nea r - - MV was used as the rad ia t ion - n
sour ’ - . A schematic diagram of the exper inmenta l appa t a tus  is s hown in
Figure 9- 1.

T~m c- l au rmp u-i~us a hl anovi a 1 000 W xenon at ’ :  laumip mounted in an O r i e l  1-140
hous i n u - F  - m d  pow e rs- u I by an Oriel C—72—5 0 power supply wi th external igni tot- .
f i rm .t’i~rpter lace d on time m - ’- haust  port of the lamump housing a l l o w e d  4”
f l e >  l i i i ’  I m i b n i  r uuj to be connec ted between time housing and an - u e x t ’ - r no l  b lower
wh i( h v ’ ’ nn  ted the r’ t h i u u s  t ou t side of the 1 - iborato t -y . External  vent ing was
requi ~ed because of f lue high levels  of ozone u t m - ni eratr r d by the arc l amump .

/h f  t r - r  p ass log f i n r o m u g i m a wa ter ce l l  (15 cn m u p a t h l c m u q t h ) ,  the Janup out put
was Ii rected through a Ba um s i  b u ~ Loumub 500 mnrn , ( T V — v l s i  ble mo nrochrou t mator ( I - tmlc ’ l
3 3 -86 -45 )  f i t t r ’ u l  wi th a lPrUi groove / mum grating blazed at 500 nm m m . The rec i 1n-
rum - u I di s t m - , - ’ , ion wa ; 16.5 Pm /m n i mm . The s l i t s  w et - ’’ sm - f . at 6 unnumu so that  t i-ne
bandwidth ( f mill wi lt h at ha] fmtua x i u n m um ) for a ll e x p o s  m u  r u  - s was ‘-t I 0 nun.

N,r t mu , n m , n I Sc mince lom u ndat  ion racm u l  ty l r - sc ~~c u b u ‘ , n r - t  i c i pan t ,  Suu m mumm e r 1976 .
I” n  n m, rr m m- n t addre’ ;s : Departumu e nt of Chemi stry . Tc i ni v m i  vers I ty, San - n
Antonio , texas 78284 .
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F I GU RE 9-1 . E~u r ’ m I h r - n I - ‘ 1 Ap i m n m  t mi - t on I n ii’ i m u g
(1o rnn i ’ u 1 I n - ions w i t h  Xe nm o n A r -c t a mmu l m

TI — uunonochro ruuat or ; S — sh m u t t e e ;  1)1 , Q2 , Q3 — ( I IJ lrtZ l , ’ nm s m ’ ’ - ;  F — f i l te r  c e l l ;
X xenon ar ms ianup ; I — iq n ito r ;  ~ — pow ’ r supp l y ;  II — flex ibl e hose; B — b] omie r ;
V — rnicrovol ’ u - I ’ m ;  L — mm wr ’ r  m m m e t r - r ; E — s m u l u b m ’  t eye.
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1
A f t  - - n , - - . i t  I n nn u i t t ’  ri - ‘ v ’  ~it  u — t i n n  he rn -an — Ii. I - -  , m n ‘ u ‘ i j ; ’

scr i c’ , el t u r ,- u ’ l u - m H z  1’ mu s , -s . ~ l - m- ~i m i t  - m u c h  ~ - n - - i  - f~ - ,-
H’ ce rn - -ui  surfac e of ~~~ - 4 -  

~~u b ’ n c ’ . C- g u m ’  t ,’ i~~’i - ‘ - . T - ‘ S -
‘ ml ‘ n- ‘ - cu -ed i m ima i~ - 0 1  Sn ’ c i  i t  w us ,i - - ;1- m 11 - u ’S I- ‘~ 

- 1 - 1 ’ - ~~ - -

u n i m m t O i r m i n m g  t o ’ -  n u ’ ’ , - sa r v u-dr ir~- n n m  ‘ u s ’ - ’ ’ ”  ( 1 . 5 )  b’ - ~~-,’ - -r  ‘5~ , ‘

- i ‘ t u ’’ s iur f r e ~ l t hi— cmi r n u e ,r . 1 m m - - 1- l i -n i - m~ V/ i ’  m e  S n- 1~ - + ‘--1 ‘-r’; i r ‘ i
• rout - m ;- r b l a b  1’ - s uppl i t s  - u n - r i  we r ’ ’  1 i ‘‘‘ -I m m  p 1 u e —i ‘ uu~’ I - ‘ ~~ n • ‘ ,r I - - r  a
r u  mi; ’ Hal f t - n i h , 1 C m -  ; n - . i r  ion of -m tm i u i  was ( i~ ed - ,  ‘ “ r ’ - ; -+ ”  •

~~ 
-

i , !un c t l ro --  m u i r. (bi ns , ‘ I :  f i n a l  it lan ie o ’ t n 1, H- ’ i c r  I s ,- s t + - ’ r ,  ,-. i i  . i - f n ’
c p r c n -’ u n - I roH m ~n u t - j ’ ’ u  1 i . r s  lam _ e mt It o  a u - n u N ’ v, ‘ ‘-  ‘ r, t n u’ , l o r  in- Y o u ’ -  ‘ ‘~ r ’
- ml  1 , - i - - mi po si t io ni c - j of 11 m m ’  in , - r u ’ - m l  s i u r f u c e  I ’ m  t i nc ‘ nic a l p1 n o ’ - . ‘ - - - -

• ‘ n - i - - n t ‘ - i ; m ’ Z u r l  da I si u u pm’ n-c f I  e~~ Ii rig the sh-~ - ’- o f  N r i  ‘ : r n  or
0’ , ’ , ‘ C I i ’ . tea m u n s cam i ’, in t he  ho ri, - u n m t - m l - i ’d  - “ - u m a ]  d i n ’ - ’ ‘ i ’ m  11 c ’ ( ’ j i - d
ds - eu - aqe - f i n : , - r u s i o n s  of  1 .36  mmmi anub 1.4 13 ruin . m u - s p m ’ c t  iv ’ l - ~. C , -.. c r , j r u ’ n - ’ i . m ’ v
p - - ‘il e s werm ’ m O m  u n n i f r i r~~ -i niub therefor ’- these lt ;m mm -ns i ’ r u ’ . -u r N : m - -- ’ n’ es s , -ir- i 1 - ~i m u u l i n a t i v e  i f  t i m e  ma q n i t i uu i e  of  t h e  e x p rn . ed  O i l - u . Inn  o r - t - r  I m - - m i n I , m i n

‘c i s ’  - c r  y in IC ‘ -  -it - f i n it  i on of Hum I Si 7’ ( n n t ~ ,- :
~~~

- ( u n ’  i smi nu or mu ’ - CI ; ‘ n - - - m
‘ m r t - s ’ mol ds -.-~- i II I i m ose obt m m : ”  d u- ;in.9 laser  no rm m n )  hi’ per - i u n n t - c . - m i ’  rue

t i m,i m mi wa: det ined as t i - n e 1/c 2 l r m t e r n S i l  cou l n au r .  Thi- - u r - m- ,u of ~~~~ f ocuun ’ :- i
i:mm - u- ~9 l Inu S de te r m ’ i u u m - d  u - ma - s 0 . 0 16 cun . w b m i c h is eq u i - i u l i : r u t . ( u  ,r c i r ( , l a r

S I u : (  wi t h u  a diam imeter of -‘.1. - mm.

- ‘w e t -  ruu easm u re n me r mt s w i - i - ,- u n - , ud e w ith a Sci r ’ m t ‘‘cit 3600 l a s e r —  ~ iw°- - ne ~or - ,
t i m ,— om i l pu t  of w h i c h  wuS coupled l u  a bei th ] ey 1 508 un u i ( r ovo i t / a r u n i u r ’ t e r .  T b n -
- h u ra  I 10:1 of the e x p o s m u r - s  i- iou c o n t r o l  1 ed w i t h  an e lec t  roni c a l l - ,- I r i o t - r e - i
rmm cc ham r u u:a l s h u t t e r .  An imal n u m - m U i t r a t i u n u  and Cu and i  log proc edm urec v i m- c r ’  i m b e m m —
t i — - a l ‘ i i  f l m i m ’ ,n: nm m ’- _ m , m m u ’ ; l~ des r i he u l  fot c o r n m e a l  l h u — ’- ’ ,hold de In~m — mmm i n i , m t ions

u n;g IV 1 a’ ;en - radi a t i o n  (Chapte r - 7).

C. R E’Wb _ l S fuND D iSCU SS IO N

Co m m- al t h r i ’ s b u ) l  ds w i- re di- te r rut ined at 10 nunu intervals oven’ the w a v e —
1 ‘ - ru ; ’ C r-a rnn j c- of 320—3 90 murmu . Si m u m ’ the power ou t pm mt of the x m ’ rt on at - c: lamp

- - i - ms f l O t  read i l y adju s ta b le  ruv ,’ r  ~r w ide  m - amr me , t hn-e ’ ; iuoluls i- mer e obtained by
va ~mn g I C - -  m - ’ r - ( i s i c e  I ime nt a m~ive n i u n - ;t an t in r , ’ ru i t y  a t  m sa: :bm u - ia v c l ” m u g th.
IJ O S m ? — u  ‘ - m in nce p1 01 -  for ’ i-o h t i n - n - s b n o ld d e t m - r - n : i n a t i o r m  are inc l ud e d  in rn

in ?pf~~r , n u  ‘ 3 . i’ m - - t h r - - ’ - 1 mn l u I  : Lm t a  an -c c m u - - : - r t — iz pd in T a b i ’ -  u u _ . 1
- m n - I ar e  p l o t tm- u l  as th r m ’ , ’ l d  v s -  m i - m . ’’’ leru qth  in F i -m u i r - i ’  1—2.

As sr’en in t i i S  f iq uu n ’ ’ , t r im ’ ‘h n -m ’~ ’m m l d  inn m - r i - m sS ’ s umm o not o nic al l y wi t h

~, - r - j ’ - l - r u n l t h n  bu t t . v~- i t hu  a l nn — n t r m n u nm r’ l  should ’- , - i n  ‘ lie H 3 5 () nun-u  m t - u i o r m . l im e
c o r n - - r i t iure ’ , t u iu ld f - u  w , m v ’ - l  u f h s  S i n  I, , ‘C in 5 ( 1  i - ~ , t t u i a r - m - r u t l y  n- e f lec ts
i~ j v u b  i - - m i ’ o~ t h -  iii t h t ’ - n m i - m T  l a m - m o n t ’ -  mm n ei h m m m i c u u u  i-,t i ( t n a m m u n n u l s  t i n  t i ne
s n - r u ’ , i t t  •‘ i  I - o~ ‘‘t m t h u - i  m il n’ u s  t (n ‘ - r n — — I  IV n m - b i t t  i nh . Au si umm i - ,- nm 1~ - P i t t  s ,
m t  a l . 1 T .m

~~, f l , -  m i - i t h m p l i a l  t e l l s  e ’ h i b - i t  r’ i - m - i nm uu uu u ( l ~ s i - n u n i t i v i t y  at 170 nmuu
- - P u ’ -  c bu m -  ~h u r t - ‘ mold is (1 .-H 1/cunu - . (In - u s c  i mg I t -  l o m m t ’ - m  w - mve l  ,

~ n u u I hs. t I  e
i i u ,  ni -a l ‘.ri nu s i ’  h v i t - ~ ‘f - s c m - u s e s  r n t m i m l l y  nip t o  , rI ’ mmu t  32 0— 330 n-nut at - w b t i u  f u po inu ’

m a ’ ” 1’- ’ ‘ - u n ’ begin - ‘ - u  t a l l  i~~ f , rn ind iu , i l m’ - b  i n  Figure 9-3. As
d scu u - - ’,n -d below . t i m i s I n n - m u d  miua -/ r , - fle ( t i nivo l v e nmmn ’ n i t o f di I fr ’ r , - n u i b ,mw m ue
iii-, h u a nj s mu , . f u r  f i r -  - a n- i  n i ’ - - r r- — I I V i rr , r n li.m t j n u n i n i t  co n - r m e , t l t i 55 m m ’ ’ , -

‘h- 3
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I I ‘10 1 OF PENhI OC E OF Ti l l - h 51101 D~ ( I  Oh r i~ F no

COR ti LAL LI_ S ION S IND UCL D BY N N 1 . u l i [ O l  01 :LA 1~_ v
RAF t IAT I O N

T HOL S III ) L 1) ‘ - - S h IL l b I l l I TS ~~~No. or (J !cm~~ - 
s u m  )

320 22 0 .6 ~, 5  - lU . /

330 27 41 .1  15 , 3 - - 17 . 7

lIt ) 33 58.3 ‘~1 6  - h u 5

350 26 61 .5  55 . 0  -

360 24 813.4 (c ,

370 25 130 111’ - 1 - 17

380 25 111 151 205

25(3 £ 10 — 21~8

I
( a )  10 nuuu ban i dw i d th

b ) Cal cu 1 m m t i : n i  In - omit s i  OpiI Of l)~ 0~
) 1 t l ine

( c )  No O I f ’ t l a l n  of ‘‘L ’ s ion r u - nc ]  ‘ ‘No Les omm d a t - u

I

I
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i ’ m ’ ’  v a r i a t  ioui of  n i m n u m ’ u i  l hn v.hoid wit - h i  w +iv ele ngt_ h d i s j t 1a~ e’i in
i i - 1 i u m - r -  ‘‘ - 2 is C o r m s i s t u - n u t . w i  fi r t h rm ’ ’ ,iuo ld det ’s- rumun at ions obta ined u s i n g
.m - v m - r - ,il (Ii t f , - n - m ’ r u t  i n -  ‘ - n - c  w i th ne ,mu - - th V output. Fo r imns t , un n c e , fl u ’ s’ t b , r e s h m o l d

of 32 , lm ’ c m n ’ m - ,- b ic i c t  1 , 1~ t )  for expo su re Lu) 325 out rad ia t in un frn m ru a he l i n u mn _
,i i m u- j u i m n t l a n n ’ r - ag r -e ~- - c los m ’ l y w i t O t h e  val  rue of - -30 ,i/cnnu 2 which can h’

cn ’ ,udi lv m m n t e t - p o i a t  ‘0 f rouum Figure 9 —2.

T O m ’ t hrvs hn m l (In ohsc-  ~ v e uj  w i th t Im ’ rn-a , —UV no t. pu m t s of k mil to n ; — and
rn - j u n — m i n i  l ase r — s requ i te  fm r r th e r ’  ar naly ’ ; is s ince c ,ur: h of these la ser -s enmm its
I omu m ue , r r _ m lV v m r v m ’ l e u m g t h s .  The observed threshold , T ( m  

~ - 2 )  , for  a source
-- - ‘ - i t l i n u j  a t two wa ve lengths 

~i 
a mid ~, - can be re la ted  to the thresholds

IC 
~1 ) an - nd T( 2 )  a t  and , respectivel y by t he eq uat ion :

1 
- 

f ( H )  f(m
- T C i~~ 

+ ( , ;~ ( 3 -1 )

i- - o r - , ’ -  f (  u 
- ) and I ( ) a m - i -  t b m e r ’es pect i ye f ract ional  im ite ns i t im - ’, of and

c ad i j t  inn in the iii ~:e d wa ve length  sou r-ce. Thmis , for kcyj n ton  loser
r - o - l i o t i c ’ n u  ( - b C O . 7  m ulT i and 756 .4  rum , intensi ty  ra t io  3 : 1 )  the predicted
t bur e s ho ld, T , is a ive nu  by:

1 .75  .25
1 6 3 .  -

~ 

+ 
~~~~~ (9 -2 )

where r b ; r  th r ,-sh nn lds T( i~~~) and 1(n 2 ) w o n -i’ obta ined by linear inte npo la tion
i’f thr’ cla t ,m shi’w ,u in Table 9- 1,  The above expr ess ion y i e lds  a predicted

‘u r e s h o ld of 06. 6 I/c nn . Simi I arly, for argon laser radiat ion (351 .1 nun
and -1- 3 .8 nut , intensi ty  n a t i o  1 : 1) :

- . 51) .50
T 
- 

64.5  
+ 

104 (9 - 3)

which g ives a predicted threshold of 130 d/ cmm 0 . These resul t ’; a t c  in c lose
u i j r r - e n mum ’nt wi t.h l ime observed thres i mi r l  ds of 150 J/cnu - and 82 I/c nn- found for
30 sec exposures to krypton arid argon nea r- UV rad ia t ion , rr- cp r -n : t i  vely.
lhus , the appa rent d iscrepancy bet ;-m m-en t . b m e two ob serv ed thresho lds  is
( rmrn F m let .e ly ex p la ined by the wave le n mqth  dependence i l l us t ra te - i  in Figure 9—2.

T h u is wavelength dependence n a y  be used t~ der ive an emu np i ci cal ai u - ; u rfu
ti on - ; p n - u t rumn for t h e  nm uol ec ular spec i es invo lved  in t h e  m u m:a r — H V j u l i o t u m m m n e u n m i c a l
danuaq e nuiec h mani i sin even though t i n” specie s rem iuai ns unidentifie d. I r im - I
m um urp ose  of ohIo i ni n j  a quant i ta t ive photoc hemi cal nmnod e l , b iowe v e r- , one need
on] v c c m n ’ , i icr the cornea 1 t On -i’ s bun 3d dose and riot . the fr - u n lion of the
in s i mini m t ene rgy a t m u , m l l y  absorbed by the cornea (more specif i  y by t he
n m n r m ’ - m  1 epi the] i uuru) or t b u m ’  f mni ct io n of  the a hs or in m ’ u l  m’nerqy di r’ect ly absorbed
liv or - t~ n

- -m m - :  f o r  r~pul 
~o the nuiolecu l ar sp ecies invo lved in the da mnmage nnnechan ism.

it  has i - e n - n m  sbm ctw n ( / .13) th~i l I ni t  1 1mm- c a n e  where the j n b i n n t  o ; u mo i lm un I is fo nmue d
d i r ’ ’ ’  i1- ~ ( c u m i n  an cx i  i’ ’ ’ n l  s l , m t m -  of t i me absorb i nm n j spe c i es  (~m ss uu I:n i ruq a s ing le—
photon ,mb ’.o r - j mt ion pro. . m ’’ ,s )  , the nuu uuber of uiuo lm ’ m : ul , in- im ’si ons , P . induced

n i _  ~

- 
-



by , r nm ‘ - ju osm ur -m ’ to rad ia t i o n  of int .’-nsi ty, I , an n w a v t - l ’ - ’ rug i i u , , f i r  - u ’
exp osu u r - m ’ t i m ’ m t ’ , -r , is d i r m ’c t ly  pro pnm r t i on a l  to t Ime product of t i n ’ -  umuolu - u u u l a r
e x t i n c t  ion coe f f i c imn n i t , C ( n )  w i t h  IT .  Thu m s:

P C ( \ )  In C ( 2 )  E ( 9 - 4 )

wOo r - ’’ E is t i l m ’  ~fl c i i  i’’nt cmi ,  - r’j y dose . The nuinnibe r of nno 1 ecu I a r l ions
n m m ’ u u ’ s sa n.y to yi ,— lcI oLm s et -vab 1 e nina cros copu c cornea 1 ‘ la na ge 

~f h  , i s pr -c - ; ann ’ -d
‘ n) he inudependent of the exposure parau m meters . There fore:

~Th C ( n )  En~
( t )  c o n s t a n t

-,‘j F ie r r- 
~T bm ( ) - is the thres huold energy dose at w ave l en g th  u Using th i s

nxju r” ss 1-in and the thresho ld data of Table 9-1 , the e f fec t ive  near- O’J
um uo l ecuml o r extinc tion coefficient can be noruna l ized to any des ired wave leng th .
lhe mos t n-e li a ble and rn ’produci ble near—UV t h reshold data ava i b Ole appear
I n  he the r-esu l ts  reported in Chapter ’  7 for krypton laser  radial  ion. The
com - nea l threshold appr oxiu uuates 67 ,1/ c nn - ’ f or wide range- ; of he a umm p a r a m e t e r s
T t m us , if C( ~

) is a rb i t ra r i l y  set equal to unity for - = 352 ruun ( the e f f e c t i v e
~-i ave l ’-nuj th of the k ryp t on—ion  laser ’ e m mu i t t ing at 350.7 and 356.4  nun ;-u i ti m an
i n t m ? n m s i  ty rat io  of 3: 1), t he ext i  nciion coeff i  c ient  fo r- ar -ny o ther  ‘,, , r v - l e nm n j th
f o l l unm - ,ns fro mum Equa t ion (9-5). The results for 320-390 nut are shown in Tab le  9-2.

1 he unspe ci f ied proport ional i ty  consta n t in Equa t ions (9 -4 )  an ud (o - 5 )
involves rate constants for popula tion and depopulation of the exc i ted
single t and tri plet states of the absorbing nuolecule.  The express ions
iii’ va l i d  only w hen the pu lsewidth , -r , is long coummp ared to time exc i ted
s ta te  l i fe t iu nes (so that the d i f fe ren t ia l  equat ions for the popu la t ions  of
time euu r ’ mn j y levels can be solved in the steady s ta te )  arid when the i ntensi ty ,
I, is s u f f i c i e nt b ’~- l w  that only a negl igible f ract ion - n 9f the ,ibsorbi nn j
nio lm’cu le ’ ; l i o j u m u l ,mt l ’  the cx c i  ted s ta te  at any g iven tiu n;e~

13) . T b m ’ ns m n condi tions
-m r-i’ not strinm j m -r mt for c ase s of interest here ann-i are unnioubted i y sa t i sf i r - d
for al l  co m e - n F I bm r-echol d data d iscussed in this r - m- po rt  save poss ib ly  for
t O m -  e .~j m ’ r - i mimi-mm ’ s i nvo I vi ng 1 1) nsec pulses wi th ct ume gawa t t tea I j mower 1’ ‘~ r’ l s
fro nm a n i  troqen l as ’ - r .  Therefore , the data of Table  9-2 can be used togeth er ’
w i ‘0 t O ’ -  k runwru ci e F u pn nlc ’ n ( m ’ of corneal dam m nag e on rad ia l  ion intensity and pulse—
w i dth to predict  thresholds for laser sy s t e m m ns cmii i tti no in the rm e a r— II V für’
wide ranges of heaum i paran mmeters; i.e., for varying wavelengths , pu lsewidths
and i nterm s i ties as wel 1 as for varying pul se re pu ’ t~j ti on rates cind tm i ni
lenqths w hen mul t i p ie—pu lse  exposures a r c  consi dered . 1 he res u i l  ts , of
ou j rsr- , t . inmul ci s t i l l  be normalized i-d a t i v e  to  t he observed th r - m ’ch ol  d for

krypton las i- r r a d i a t i o n  or to any other sui table rm ’ fm ’ r - ence which m~,- - us n - bunsen.
Further deve lo pu m u er ut of a quariti ta ti vi’ photochen nui ca l nuodel fo r - p red ic t  ion
of ahso l m m t m-  ib urn- s h ol ds u ’ t u ’ , I. rely on det e runmi ruation of the u n mol ecul ar rate
c o ns t , u n t s  r i-ferred to above.

TI ue cu urv r ” - shown j i m ri - j im re;  9- 2 and 9—3 repres e nt  ti - ne enu c ru m y doses
i nc im i r -n i t n o n f l u ’ ’  c ’ m r - nm ’ a n i r ’ me S sa r - y t o  inm ’ in u u e v i s i b l e  clan itage in the epi thel iumuu .
In m m r ’ I m ’ n  t o  m x t r - a r : t a useful a c t i o n  spectrunmi for coum m pa rison w i t h  absorption

‘1-8
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TABL E 9-2.

MOLECULAR EXTINCTIO N COEFFICIENTS FOR ABSOPP T I I I ’J
OF NEA R- UV RADIAT ION BY TI lE COR NEAL [PIT IIE LIUM

Wavelength Thresh old Ex t i nc t i on  C n r ’ - f f  in l i - nm
n- nun) ( J / c r u m 2 ) (No mruma 1 i zed to 352 m u m

320 9.6 7.0

330 41.1 . 1.63

340 58.3 1.15

350 61.5 1.09

352 67.0 1.00

360 88.4 0 .76

370 130 0.52

380 179 0.37

390 258 0.26

I
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sp ec 1 ma of n o l  lula r co nst i  tuc nm t ’n , it. is nm ’cm ’n sar y t i n  ( ; O n m s j u i m - r -  I i n’ ’  nuj n m l ’ ’ m -
( if  i j u m a n t a  i ibs n,n - i i- I a t  m ’ a u b n  wa ve l r ’ r u n j t h  rather t itan the i n m t m - n m ’ , j n  ~i r, f t ine
in u m i n l m ’ m n ’ n , m b i , m t icj ul . This  conversi on is car r ie d  om i t in labli’ ‘— 3. ~h m- f i r s t
t i - n - ’  r n , l u u u ’ nu ’  l i s t  the wav e le ng th  and threshold energy dn- ;m’ , r - m ’’ j ucct  i v m ’ l  V .
J i n ,~ t b m i n - d  co i r u i m m m m  l i s t s  the exper imenta l t i — ur in ho ld s expressed in ten IS’ , of
i r mr i n l n ’ n I  qmua nt a / cm mt  - Mui l t ip l y i nmg  each of these val rues by I hi- c _ m m r - n u ’ ’ al
r t - s n i m ~~t i u i n ( 9 )  (i.e . , 1 - t m ansm m us s ion)  y ie lds  the absorb ed th r - ”,hoid j ’ i m o t  - n ~ i

- l ’ m m s l t  .-
, N ’ , also in mum u i t s  of quant a/ cu lt :’ . F i na l l y ,  the r e la t i - i ’ ,  s ” mm ’ . i t i v i’  ~~,

F-: , of t hi’ m l u ’ , o n — tm j nj tissu e is i r u - i ’ rsel n/ pr n in or’tion a l to t On - -  I o r r i - ’  I c i
* ‘ i n - s Ou l  0 ul n is, ’ , i i ’ , m m m i i is shown norinii l ized to 320 numu ( the w~n v i - b e n m q t i m  ml
h j r m b ,u - ’ ,f c - - m m - - i t  i V i t / )  in t i n’  l as t  column in .

j u l -~~t ing t I mes - - va lu m - , vs .  m- .- m v n ’ l r- nqth , a “ t rue ” a c t i o n  s j n e c l r m u n ,
i m ’ ~ , Con - n n - i t o - I f e -  tuit ,~l com n ea l a i n — mur -j n tion is obta ined as shown in
Iiqw ’ ’  m~~ ~ is n j m ’ ’ n ; t r nun ’ n  ex h ib i t s  co m r mewh a t mo re pronou unce ui s t r - l m n t mi r ,-
n ’  t~o- -~~~~

‘ - — ~‘ f l  m u m  r-~-u j  ion than the - a m ’  O e m - i - n -  t o n i  act ion spectra shown in
iou ) ’  ‘ -- - -- 2 and ~t _ 3 •  fi n n~m u i j c j m - s I i - d  H,’ the (lashed l ines in Fi n m u re 9—- ~, 15k

sl ier ’ ’ - - m ;  n ” n m ’ ” ’ - r m t  t he s u pe rpos i t ionm of an abson -j it ion  ta i l  of  ce l l  Jar
Con- . Ii -u i -nu ts invo l~- r 0 in far— NV plumutoc heunu ica l dau umaqe and a second , r-ather
i ’ ’ ’ o - I  cm i ’ s ’ - r m - l ~r- n ’ - i ’ n u t im n q ni -m r- NV o bsor h innj  c e l l u l a r - - cons t i tuen ts , lim e
i t t  ‘ - r - w i  iu i I- , a j i p a r - m ’ nl r u m max iunnunm a t  -- -350 nunu ag rees gui I-e w m n l  1 w i t h  the

- i t  - u - - n  Sp m n t r - u u n ’ m of 4- th i our id ine , a nuclei c ac id  base found in cen ’tain
• p si r u -  I c r -  i- ’ ,,~ nuo l’- ’  ij l r - s . .iagger and co-wo rkers ~ 

10 ,11) have presented
f u n  - - i n t o h i e  “iidence sungesting that 4-th io unidine is the tan -get for neam -UV
I ni - I - i n i’d ‘ lam ’ m - mcje in E. co l i ccl ls. However , there is no evidence that the
t i r l e t  I - r ne ,, r- I JV a c t m o n u  in unamalian ce l l s  i s  the same as that in bacterial
cells - I m u r t h e r m m o r e , there are sever al other c e l l u l a r  const i  tuents which
t n ,u , i- I c - - i - I a b s - i rj m t i o n  bands centered at ~-35O nmmu ~nt çI which could he regarded
,ms jun I~ - n t i a l  nm , ,ur i m V t~n n ’gets in mammalian cel ls ( 0) Ex a umm p le s of the’,m’
~r r m -  r ’ ‘ m e  - i f  fl (

~~f i naunu i de aden i rue di rtuc l cot ide ( NAPE ]) and the i sopreno i d
l ’ - m u : nn — m m m l ni~mph t l n ’ — u jmui r to ne s  of the e lectron transport sys t o nmu . Thu s , i t
is n - n O -, i in n- i s t h a t  addi t i o na i  s tudies are reqm m i red in - n order to ident i f y the
molec u lar species invo l ved in the near- IJV photoch emistry m m  epithe l ia l
cc l Is. However , the act ion sj nm’ ( truumu reported her-c togethe r- with the
j u r r ’ v i  ously re nm i: r i “0 oxygen dependenc e of nea r- NV i u t i fmuu : ed  epi the] i a] damage
( C hap t m -r -  8) has ruarrowed the field of potential candidates.

F im m a l l y , in vi ow of the wavelength dependence of time cot-neal thn ’eshm o ld
n-li s i m m s ’ .od above together -.-ii th observations of thresholds Ion ’ ho rn ’ ; sing le-

i i i’ ’ ’  m ’x; i u ’~n u r ’e5 ( Chapter 7 ) ,  it is obvi oys that f u m r ’  nc r - ta  in c nmr m m iu i na t ions
‘ i f  nr ’o r ’ - ~~ exposure pa ma nmeters , the AN S I ~l ,2)  s ta nudard does not provide an

- l ’ - u j  ma to rnua rq in of safety. I)ecreas i nq the cornea ] MP[ fu r ’  31 5—4 1) 0 nun by a
- 0 ~ Ii ci u - r u t  m n - m m ;  in will , of comursni , lead tn a safety s I mnda rd w i t h  an - n adequate
no f m ’ t y  n h r  r u j i n  f m nt - , ml  I r-xposu ir -e pan - , rumum m te n - s .  However , such u stand at- d un m a y be
‘ um m n i - ccsc ,i r E l , ’ r i’s t i ’ i c  I. Eve for certain -n expo su re pa ra u m ue t e r - s  (i’ q .  , lie’ W O Ve—
i n - n m ; t O’ , . ~‘s-1 rum-u a nd m ’ x r m o ’ su m - m’ ti m unes ~1 1) n  sec) - The refore , it m a y he des- in - ab le
t i m  - i i  v i  O r - t i m , -  3 15-400 nun wavelength range into two or lion-c regions and
quote arm appropri a t , -  MPE for each region.
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E R  10

LLN T IC IJLA R EFFECTS OF N [A R— U V  LAS I R RAHh1 ,iIU~

Joseph A . / ‘ ~I, -~
The quest . i onu of a co n - m o-a 1 unna xinu u nn n perumni sn i b 1 c i / l i es  n u t — u- ( ~i li Inc

a j i yen set of iir’ ,r ”i u ora umm etc ’u - s as quoted by the T i N - I  s t~ nd~ rui~ 
I , I)  is

e v i , i m - r t  ly  of l i tt le  n - umns i -quenn  m- i f other ’ ocu lar tj s~ nu m ’ s ore mumo r’’ y - r n - j t  u ,
than I’ m -  - o n— nPa - Th i s wom -~ has revealed cer ta in  cond i t io ns w i m o u r ’  t h i s  i’
i r in ieed the case.  A d i sc uss ion  of ret inal  lesions i n l m u n , d by  nnm m r — M V l a i r
radia n j u n n u  was presen ted in Reference 3 along w i th  a b r i ef  ( i n s c r i p t i o n  g I
; i roj imi r um - ,- observat ions of revers ib le lenti cular c l o n ,- i i no ;  w h i c h  m - -~ - u 1 ‘ - l
In- urn cr- i- t a m  la ser exposures.  More u-i -c - nt work has t - e - ,-r- - n led c u i r n ’ j i  tu rns

- ‘ ‘ n m ; a n i ” n m l  l ’ -nuticu ul ar op a c i t i e s  arm-  induced w i ’ S  em li — r ;v  d o s m u s  ln”~
S u n  t ‘ i o n  r - ’ - - n m m i re-I to cause c or ru m a l  dam nuaqe. Thm ’ n e r ’ x ; er in nme n Is -,-~t i  E u

u t  i l i z m - u f  ft’ nea r—UV emruiss uo nms of a r - g on—io n u  aru u l  ni~~m inq ’nn lasers o m e
- l i ’ ccr ibed t i - i o n - i . E~ ;’ cr iu im” rut o l techni que’s n-~’mc ess ” r m t  i a h l y  identical to
t m m n -; e n — -jni r ti ’ n i for ’ cornea l da mnua ge e>-; ner i ii m i ’ n n t s in C i u i ; ut m - r 7. 1 er~~j n - 5 ]  u r
obsen - vu t i n u n u s  - w ’ ’ ’  i -  made w i t h  the s om mm o s l i t  lamp m i c r o - cope m lCn ’ i for t h ,-~
‘ m m - n eal work .

T he k r y m n t n i n i — j o n  las u’ r  n ; . ; m e r i f l m e f l t , (Ii i m m - i’d j i m  m m -g i l , ,’ 7 diii no’ h a d
‘0 pr- r- r’ ionme nt len t i cu ia r  les ions in a r m y  SUi l, I r ’ - m - u r i ] i m ’ s s  of  m ’ i ;nos ure t ime .
ih i nw ,~~er , doses of an n order o f  umm aq nmi t m u m -  or nmo n-c gm - c a ten ’ than the cou - num ’ m I
m’ ; m i t t nel i al l i n m e n h - m l d  diii cause u- i ’ v m m u ’ ible c l n ) , - i i n m u j  on rime ~m nt ’ r io r  s n u c t a c e
of t he le nus es .  The c loudin g c o u l d  he obse rved w i t i m  lb  - s l i t  l n- n ; m a t t n - n ’
In n ’ - c o r r o - n i  l es ions  m r - i  r e pn i  cm- n i  ( twu ) t u  f l um e” - i n y  ; u o s t - c u x p o s u r e )  - In
e- ,- n ’ n -v case.  th is  h r - r m t i n : m u l a n - c louding c om nnpl et r - lv  cu - a u- i -I w i t h i n  one : - m m m n u t h .
A fl inrma l s wh ich  m ’ x h  i hi t ~‘ i  the m -vr ’rs i bl e ci oudi ng were numoni toreni for - up n-u
n in ° m o m t  it s fol l ’ m w i n u ’ ;  t ine exposu res  hut no further lemut i cu la r  onom nna l ies
ic ye io n ‘ci .

W i t  E m the iui gh u m ~-,- n ’ n -s (up to 1W) of c on l i rm uous V output (351.1 anud
313.8 nun , i n t e n m s i t y  ra t io  - - - 1 : 1 )  a v a i l a b l e  from im the S p e c t r a  Pl m- ,’ s i cs  170
ar - - m o r n — ion h i i ’ n - n - , n a t o - n - n ,  t~ cou i ld be induced wi th r -m ’ la tiv ely sh o r - t m xpoS umi i’
t imes , and u r u ien - sounue cond i t i ons  are o bser -v o b le  inn i mme l i a te l y fo l lowing the
e - ;n ’ m sure .

I i q u n i ’  10— 1 n l mows  a c a t  ~n - aC t  i ndm iced by a 1 Sn’ ’ . ,‘ < m n o s m u , u ’  t o  500 n’m1 of
‘ m - r m - l I ~ l - m ’ ,er rad ia t i on  at a rom n m m ’ ,n l dose of 21 U/cnn ’. The ‘ i c t e r u ’  w , u- ;
t - n ~ ‘ on  j o c s  t han I i v r -  mni n i m u t . i’ ’~ f o l  lowi rig exposu im - ’’ . [or m ’x;mosun’ es just ,m hn -mvr ’
len t icr i lar  t h r r - sl m ’ m l d , h u m -  op a c it y mum - mv fake s (mn m m e tim n uc to dev e lop arid m m m i v
not be v i s il -le no~ ii - , - v m - n ’ ,ui hour s ; nu n ’ ~t - m ’ x ; m u m s m u r e .  An n 18 hour ’ c r i t e r ion
was ,m r - I i t  n - ni - il / n hu mn m- ni f i n n  lo - ; i n i n m u i m ’ t e rnnu i r u , r t io r u , c h i n - I  ly because t h i s
con f n m n ’ms wi t in I S n ’  p r m m t o c o l  turn co nnm i ’ i i l lr ’sion nh-terunmi nia t io ni s (Chapter 7 ) .
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- n i ’  l i - n m ’ i cu l - i r  ‘ i n n ’ ”, i u m m ld to n ’  4 ‘rn- i’ - -
~

, u 5 m , m - l- - , t o  urge r’ la - u - n - r u - h o t  l imo i~76. -i 1, n nn m - i n -  i d ’ - n i t  it  l n ’  n r u n - nu , - , m , e - j m i i - . - , l c ’ n n t  a u m r n i m ’ ,u l ii m , u d j u m u c r ’  n t
1~ ~~m un n - . I rur 1 ‘- i -c  e~ I n i , s n m n -e ’ , , I t u e  t S r - ’ - ’ -, hold t u e  is 18.7 ‘ 1 - ii U/cm-
n j, m i !m , j u , u l  ~~n en j r r , i l j , m n i - u’ of -1 0 3 cuum - ’ . l u  ‘ i n n s - - r ’ ~m - , t i n ’ ’  t t u r e J uo]u i
dose is unu 1~ ~25 m u f  t t m ’ m ’ ~ j ur ’ u t i -  c u ’ - - i i  t h c r ’~~n 1 - i .

- u n i t ic-jay ’ opam i ’ i ’ -~ 
-,~ - - n - i ’  also I n i lmi ,  od 1 , ‘‘ i 317 m u m n ’ nsj ’ ; s i o n )  of ‘ n

‘- ‘ n i n - c l r o m  m t ’ ,’_ iflOO ni’  n u n u ; ” n las i - r . A s i m n ’ j l i ’  1’ ‘ -  - ‘ -  - - n i’; ’ f u m i  unr’ni o n t o  t i me
1 1 , 1 0  ( [ e a l  I ‘ w ’ m  O m i t - n t  I m t - - u - u - , - , ’’ n - i i ’ -ld a mmc ml i n r - m d i i u n c m -  of 1. 1

1-u m ’, s n u f f  i - n j - - m t  l u  ( , n i u sp a r r - 1 ~ ~u s i h I s -  t l u i u u l i n u n l  n u n  l t m i ’ -  an n ’ ’ -  m g ’
. - u ’ t a u e  ni l  f l u ’ -  lens . H e l m s  ~~i t - ~ -- on- n n u ( - r ’ -  -~~ c n’s i m m d n e , ’ d d i s l i n u n  I u ,u t ,m r , nc t ~
j i s ihl , ’ ir m n ’ n ’ - , I j m t - - l y  e i l m u w n n m - j  ‘ n -  i ’ ’ j n m m s - ; r - . F i - ~ un - ’ -  Ii—? i l l i u , ’r , u u , - ’, t - w n n
n ip ’ - - j ~~r n I,ì,m ’ r ’— n u n  M n -  ‘ ‘ 1  c m  ur  am ’s i - s - i ’  

~~ 
u - m u m  u n i ’S I n t  12 0 u/ c m n ( m u I - j m m ’ m )

- n e- I  Sb i / C f f l 2 (l i m ; - ; ’’ - )  , ni b - - i ’ve , m * 1 - sn t Fn ~u n n  I i -y e ‘ l i n i ,l - , ; rQS I - m -
~~E n J ’, n u n i -

In a t  l ’ - - mst  o r m n -  ros e , t k m , - n i ’  w- I S so mnue un ~qn - - s i O r m  0 ’ sm u ch  n t - n r a - t - ~ w i I5
‘ i - i - . Fi gmu r ”  1 0 — 3  c b u n w ’ , a ‘ ‘ s u u s  c-ye o n  15 t . , n i i t ri j n ’ n i  las i - r - — i r n - i m u i ” d
- O 1a ,~~i u  I —  ob s cm . - i - - ’ a t . ‘ . i n n t h ’ , p05 ’  - o x u n u s n u r n ’ . m u  t i a l l y ,  1 Imc - e ppea n o nce
of t i m , - - , e l i-s  ions w a s si nmi 1 a r  ‘o I ‘mo ’ ,r’ ~ nm e , -;n~ inn Fl qure 10—2 , I n n  I a tr’ r ftn-i - e
- -- ‘m ’hs ~~m e ’  l- w i n  “ vi - I ” r mt l v s ome l u t h e r ’  de j i ’ n men  u t  ion o f t h e  tissm u r’ s ur - n -r i ,ndi n m- j
‘ - a c h  l p s i n n i . H n m v u v ”c , iue unua jority o~ the ‘1 . lase , - - i n - I n r , ’ I  c l t - l racts did

t u t u arm o- in a~ijn - o n  n n m  o t i n  per iods o t  UI) t.o o r n ’ n  yea r f o l l o w i n g  e m -  - n u n - u ’ .

Sonmue of t hi’ less  seve re lenti co la  r- le s ions  have shown s om me fadi ni
and o p j u o n - , ’ n n t  dinnnin nit ion a f t - - i - several umi onths. In ce n t m u s t , in’ one r , , -e
n- m- r ~ no l m - n t i c u i l a r  les io n  was found im u mmediately or ~1t 18 hourc n e s t—
i’ Y n i o s i u r ’r’ , a di 5t I nm c t  ca ta rac t  was observed in the e-x l n n s ed a i m - a  it tw in

Oun t i n s post _ o x u o s ur — ’ -

In v i m  of l ift -cc ‘ e n u l l i m ; f ir iq  j m r i ’ l i n m n i n a r y  ohs - i - v a t  lor is , i t  is c l - - nm

~~

, m t  ~ ‘~ ° n ~ l u n n u r m — f u - n n  (, up to sev i r ul y e a m S ) s i nici j es wi ll hi- requ in - ’ - u i  I~~

( i f - m i d ’  ~ f ‘‘ mu i i’  is , i ni  f ac t , any d,mnger of eventual  c u 1  , i m a c t  d evu t lo n m n m , ’ n u t
I ru i n-- ~ i n n - n I , ’ r - j c ’ o f e  m’~ poSures to closes less than t h o s e  rn”j u i i rn - I t n  c - m use
i nm rn , - ( l u m ’ - l u ’ n n t i c u u i a r  o p a c i t i e s . Si u nni l a r  s tud i es  w i l l  nm- r m u l m n i n n - I t o  M n
i f  ‘c , , , -  is dan ge r ’ of fum r - ther  p m - e u jn - m- u m n m  of t h o s e  c a l u r u c t ’  ,- i h i u  ii a u ’  t e n n i
i n n un r u n di m i -- I / t i  l ow i n g  e~ l m m s -u r e . or i f  t he n- i -  is some i ; i m , m n i m t ’  o f  n -vent ua l
a~ f r i  t ( urn of I I m e se opac i t i e s .

) ~ 41 ’  l i e u - j u n  l i m e  1 “ ru Ii e m i l  o r d o t . un -- d~ [mr - ‘ r u t  t m n n - n  ‘ u i- mc i’ In draw j n m - ,
concl usi inn’, r ’ ’ ’j a r u i ing the dam naqe nmechan u Sun , I t m -  - l vi ut i u m u m s  l n o m u n m  an i ’q uon l
f ’ r i m ’ rgy rio’ , e s -r-u ni s i - j n u i  f i n  ant am u d i t~ is obvious I tm - u t  a n uo t n u h m n u i u n l  ‘i , ’ nha n ism

~- ic h as tha t  opera tive in the com - n u , - ,m l e p i t he l i um  is not m u - . - - ,~- i m um-n - c . As
m uot o d ~dn uv e , th m’ l ’ ’ ru t i c n i i a r  thresh olds for 1 s c m and 1 sec exposuu- ’’s u m i ’
t o t  lu en~m u i v a lent  l u  a com m - u  I r - r - i d iance  of -10 W / c:un u - - Fo r th ’,- , the irnm x imuuummn
ou’ n i t  of the un fo c us r- d k u - -y pt  urn I - n m i u  ( 5 W / c m ” I n c i  u im ’ n t  at  the u u r n l e d )  is
r io t  s u f f i c i e u u t  to inniuc” ca ta rac t - ;  even w i th  m ’ x posuu r m - i l i um it  iens of severa l
nmuin u ’ - . S n t  m of i i , ’ - ; ’ ’  f a c t ’ , suq qest  a pe r ~ power Inhennunu enonu w hic h in h un - nm
‘ n u n ]  if imply a t’m , ’ n —n m m a l damage umnecha m ui s nnn. In V u - d ’ m -  I n  obt a i  mm I uu , then ’  ‘~ul um uo r t
f - m m  t h I s m~ y~~, i n ’ - - is , t he I I T R J  l i m i ’ r - m nu n l u u mnde l c 4)  was u’ -” i t o  c a l m  n ila tu -
l ’ - ’ m t i c m u l a r  t h n  ‘‘ - .hu1d ~ for - 350 r muum rad ia l  ion for a wide n nm mm , m r ’  o f  pu i s ’ ’w id th s
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IIG IIPE 10—2 S I n ’ I m i mup I i u i u t i n ’ J r u [ m h  n u t  Cat am mu f- , J m n -i u j ced I- y I r — , n i n r s  ut  10
n i m , ( J s r , i-u)fl ,i  ‘ mu ]  s m ’ ; f ruin III tm - n j -nm I - use r  - Lo n ’ r ’ - - u I m lc m c , m n s
- - l ? ~l i / r i m -  ( m u p ~n ’ n  n ,-u t , n m , m c t  ) - mn inl ( n ’  - J / c n n u ’ ( 1- u n - e r c m t , u n , r  t )  -

A m i - lu -H. i - r n  o f  t ime s i  i f  1 d~fl [) no un n m ’  f or umu t i n e  u o n e - - u l s u r f , mc  n ’
i t ; ‘ ‘ - ‘ - m n tm f f u n ’  I - I t  n i t  t i me u a t a r u t I s  (,im n ews). ‘ i t  I , ’ c t i o n - ~, - n m nn t i - -  m u - i , i r e  u i - r i  , ul n u u -yi ’ unm i u n - h u n - n  ‘ h i m  , , r t - nr sm n I s .  d n u t u n —
‘ J r m [ i h t - u~ - ‘ n miss I han f j - y , -  u u u i n m m l i - m ;  m u m - I - , ‘ x l u u m ’ , u mr i ’ .

10-- I  

~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
- - - - - - -



~1

A

SnI FF 0- 3 . S l i t I -n ; m n l i l i un i  I n m ) ’ - , m I- ,h u .mf Co t  1 n , iu: t ’~ I n m - i n u r e d  by r - a i n n s  H
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T m i,-~ (n n n - i ] i cte nl I ‘m c i ’ n ho lds f i r  e x p n s n u r - i m  t ime s t inging f t  lIh ” ‘ o 10’
- ;e n or,’ show ui in Tab le  10 — 1.  The da t ,m are p l o t t m - n l  ‘ us an i r r a u l l , mn u c i ’  - i n .
pu l s - w i d t h  c u n ’v m ’ in I inl ine’ 10—4.  A l s o  p lo t ted in F in j mu n n - 10— 2 are t i n,
e x p e r i r ’  ‘ n i t il a - r’qon m laser  1 n n n t . i cular  thresholds for 1 and 4 so’s ex un ui sur e
t imes , the u I m[ n ro x iunmat n  t l n r -e -m h m m ld ( 1 . 1  U/ cm - ) for c a t a m a ’ : f .s i ru d u rmod m y
10 nsoc pulses t n - n m  I he 21 7 nmm u r a d i a t i m e n u fron t a ni t_ , ( n n u n ’ f l  l a -er , and f i n n ’
l i-nt  I c ulai - t tmre sh ol ’ I  reported by Ebbem -’ ; aru d Sea msY n ) f o r -  325 num radi a ti ( mm
fro nnm - m i m m ’l I uuii— radum ii m u m l a ce r .  I t  is s e m ’ rm t h a  I. the t n -en d of the ii n- n i t i - i
e i Iu i~r un ’ m n ~ mtal  data is pa ra l le l  w ith th e  p red ic ted  curve and , in - i rm y ‘ m i s ’ - ,
is clear-ly not in r rc m i rd  w i  t im the equal energy dose curve fommnd for cornea 1
t hresholds . It sh o uld be po i nmt e d out , however , that al thoug h fl irt  therma l
mo ld  has proven H he re l iable in predi ct i  n m u j  r-eti nal damage th resho lds
over -a ide r u n - ~m ’ s of bcauu i pa ranu ie ter s (4 ) there has been no u u r e v i o u s  oppor-
tunity to 1 est the success of  the runodel in predict ing len t i cu la r  thresholds .
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T A B L E  10— 1

L E N ~ IC ULA R HIH SHOt DS FOP 3~0 n~u PAD IAT  ION -

PREDICTED BY I IT RI THE RMA L t-~U DE L (4 )

Pu lse w id th  ( n c ’ s )  Th r i - -I m u m i ii t r i m - l i , ,  rice ~~~~~~~~~~

1 0 ’  and less

l0~~ 8.2 x 10

10— ” 7.9 x 10

l0~~ 7.4 x 10~
1 0 2  7 .2  x 10- ’

1n0 1  77

1 13.4

2 9.2

4 7.4

10 5.85

1(1’ 3 . 7 5

10 1 2.55

11) 1 1 .73

“ Inutn ide normnua l prec is io r u of progranu .
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V I S U A L  EVOKED RESPON SE

U. Terry Yates

p n - - m r id i  rug chapters  of th is report d iscuss  macroscop ica l l y  observable
- n ingr ’s  in t h i -  rhesus monkey eye fo l low ing  exposure t o  hi gh i n t e n s i t y  laser
rad ia t i on .  Thes e studies , whi le qu ite importan t for the a s s e s - - m m -ru t of time
ex ’en ’ n u f  os m u la r  da nmage, say l i t t l e  about the loss of v i sua l  f unct i on  t i m a t

] ] n ; - ,’~’; s nj u in i nsu l t .  Of more concern is the poss ib i l i t y  that a funct ional
l oss has occur r’ed in the v isua l system , even t hough f lu ’ inj ury is run t unmacro-

- u n u ~ i c , m l l v  obcr’ ’-v able. It would  see nm that the u l t ima te  factor  de te r m in ing
‘ ‘ n ~’ c l a s s i f i c a t i o n  of laser systems and the specification of laser safety
-; t a r o t m r - I c  ‘ nj C tm re st upon the assessnumen t of loss of v isua l  funct ion , w l m ether
s m u t h  loss is long ternni or inmnm uediate. For this reason , a pm’ og ra um m was i n i t i a ted
~- u I ’ i r ’ lo p  neurophys iologica l procedures for  est imat ing damage to the v isua l
nervou s s y s t e n m .

Pie spa t i a l  resolv ing power of the v isual  sy s tenn u can be investi gat E
t - y  i u s i rm q spatial sine wave grat in- i-; as s t imul i .  An observe r’ s ab i l i ty  to
in scr - iun inate a grat ing pattern of this k ind  is a funct ion of the nuuodu ilution

E r -p t h ( c o n t r a s t )  and the spat ia l  frequency ( cyc l e s  per - deq r-ee of v i sua l  ang le )
o f t he ‘j r - a t i  ng. In recen ;t v i sua l  systenn i inves t iga t ions , modulat ion transfer
funct ions ( Mi t  ‘ s )  have been obtained ~ n j , ~h descr - ibe the rmmini m u m rn s t i n n n u l u s
c o n t r a s t  nec ied for ( th resho ld)  detect i  inn a t  vary i nm q spat ia l  f re -n juu enc ie s  -

i n n  MTF ni mo y be br ief ly  descr ibed as the loss in cont ras t  ( unu o du la t  ion depth )
in n an inumag e p lane as a fm u n m c t i o n  of spa t ia l  frequency in an obj ec t  p lane.
It shou ld be noted that the app l i cab i l i t y  of l inear systeunus arua l ys is  to
v isu a l  infornumat ion is v ali d at threshold , where the sysfem n i is known to
behave in a l inea r f a s h i u m n u f l ,2) . Recent reports g ive  c r r - m h - n u n n ’  to the
n u t i o r n  that the sys teumm is also l inear -~hen operat ing on chromatic spat ia l
S t  i nnuli arid at sup r-at hresho ld leve l s ( 3 )  . Perhaps the priunua ry benef i t  of
using s i rm e wave g r a t i r u q  st imul i  is that they can be used in neu rophysiological
i n v e s t i u j m t i o n c  as well as psychophysical stu idies. As a mon sequ en ice of
mm s i  nug t : i n c sane type of s t  ir imu lus in these oth e r- - n i n e separate investi gative
j n n -oc e - tnn r e s , n im c ’ m nin q fr l l c n nmmparisons n m  he nude betwr’eri - - m u  o n n l u n m j s n ’ i ’ s a b i l i t y
t o  discriminate spatial detail a n d  the underlying neu irophysio logy .

~h m ’ r i ’  is l i t!  le doub t t i m m I  I i m ~ co r t i ca l l y  rept - m , ’nt ’d v isu ua l  s v - ; teumn
of prin n m~m I e s  is organized in large part  to e x t r a c t  pat t c ’ m n n  i nfo rmnuation.
Fh u thel m u- I  W i e s n- l hav i- n i n ’ m m n u n u u s t  r - a t _ ’’ mi I hi’ binocular c u u n , v m ’ n - m l u m n m m e  o f  i n f m n m n n r t i o n i
in H i -  v i su a l c~ r - t  , - x , the col u nu m n a r  or ga n l iz at ion w i t h i n  a r m ’ ,us 17 and 18 , and
th e sal i - - ru t  nb- I  - ml ls of f e a t n u r , -  ex t r ~ c f  i~ n by s imple,  comump lex and hy i u ’ r —
complex cells within t i u r m ’,e u m r t j c e s ~

4 7 ) .
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A m~,’u - i - nmt i n v e s t i g a t i o n  1 i mm u i t n t  solely t i n  thr ’ f n m v i - a l  i ur - me ie l io n  o f
area -~t n i a t  found changes in chrom atic i nfom - u i n a t i r i nu Ii~ o n m’ s s i n u q  m u th i nu
the la m im i  ru ne of t im ~ foveal cor tex which para l l e l  c i ma rm qe s in pa t t r ’ r rm in for—

m ’ ~i t  ion pn - c m n i - ss i  niq~ 8) . Indeed , if the proper “ featur e detectors ” of such
ce l ls  wer e not care fu l ly  “tuned” , i t . was not possibl e to “ x t r - u c t  chn’omna t-
i ca l l y  se lec t i ve  r- ’ -s ponses.  For example , if a c ell wi-re of t ime comp lex
type of Flubel amid W i e s e l ( 4 )  it was found essent ia l  that the l iq imt st im un ulu s
ho made t i me proper w id th , or iented at the proper ang le an d swep t  acro ss
t ie  r e c e p t i v e  f ie ld  at an optima l ve loc i ty  in order for it to he ac t i va ted .

The cells of area s t r iata may be conceived of as an aggr egate of
ti ur m e ’ i harmuoni c resonators . A s inusoidal  luminance di str i  buition (grati run)
n u l l  se le c t i ve ly  ac t i va te  some of those resou mators . By means of a suitabl y
t o m - se e lectrode , an electrical si gnal umiay be recorded from the brain ,
t i m ’ -  anup l j t m ~ide of w hich is l inean- ly  re la ted to the logar i thm of st innulu s
con t ra s t m, 9 . It . has been shown in man arm d cat that the (ex t rapo la ted )
zero va lue of the si gna l occurs at a st imul us cont ras t  that corresponds
H the psychophys ica l  threshold.  Siuinply put , w hen t i me s t imu lus  can not
he se- -nm , t he cort i  cal cells do not respond. The i un n t omr t a nce  of t he ob’;er-
v u t i o n , o f co urse , is that a b io log i ca l s ii~n u l ex i s t s  th a t  can he re la ted
to behav iora l data and that can be us e] to pro-l i ct hehavi or~ The sav i  n- is
in tra ining ti u nme for anima l psychophysics is po ten t ia l l y  very great .

A l though  the v isua l  sys tem is responsib le for the ana lys is  of an
im pressive number of at t r ibu tes of a v isual  scen e , perhaps the inmost
not iceable and devastatin g losses are those which i unmp ai r ’ t he  capacity ( if
f l u - m t  c v s te n mn to r- ” -n o lve spat ia l  de ta i l .  It was for this rea son , and the
fact t t m ,m t m c c cii t developu inents in theon - y and d a t a  ana l ys i s  procedures have
I - A  i-n a q ’u antunn j ump in soph is t i ca t i on , that the v i sua l  diumuension re la t n - U
to spa t ia l  resolv ing power was chosen as a s t a m ’ t i n n q  point for these s tud ie s .

A v a r i e t y  of sca lp  m - r ’ n u n m u l m ’ d  evoked res l monses have b r mr ’ nu c~mte q o r i zed
as —4’ isual  evok e d responses (ni l R’ s ) .  For that reason , so nn ue confusion
‘- ‘m ists about t iui - na tn u m n ’  c ~ t h e  cortically v -j o ke d e lect r i  c,u l events in a rmy
Vt P r-x I ni r - i n n e n t , In s t u d i e s  of this sort , the a pr ior i  i r u t m - n i t . ion is to
iso la te  a s t im ulus  dimension and mani pu la t e  it as an independent va r iab le
whi l e  e i i rn i n m - m t m g  t hi- i m m f l u , ’ rm u : e of other ,rt tr ihutn” ; e i t h e r  by hold ing t lue im ’
i nfl u u ’ m r m ,’ u o r u s t , m n t  or by reunmoving the ,mttr ibute f rom the stimulus s i tuat ion.

Two - -m, ~~on- sor t s  of V ER have been descr ibed and w i l l  be b r ie f ly
‘‘~ m n t I n nm r -d hen -’’ - The t m ’ ’ ’ ,t i nves t i g a ted  sort of VI P is that on - i s ing  frounu a
s t i m u i l - us  t h a t  - -- n be described as a spa t i a l l y—uns t ruc tu r e d  f ie ld .  These
ru e’ l a m  ‘p am ’ n , usua l l y  f lash  act i  vated , St innul i I n-n t~ a n -  nio s t a i mt ly  used
f o  i r m v ’ ’ ’ - t _ i gu t ’ ’  tb ’ t i - u im ~- imr- ,m l visua l sy stennm or a l te r - na t  ively in c l i n i c a l
- ‘ ‘ t t i ngs to  p r - u u v i u i m -  a con t inuu u i t y  check he twm ’ - ’ nm ret i rm- i and bra in .  Q u i te
d i f f i - r e n m t  is t i m , -  nj~ P r - ’ ’ la t u ’ u i  to the spat ia l  st ruct . u u n - u - of tim e st i un u n i lus
f i e l d .  Care ful contro l of sti uunul us pmr a un ue ters per- mi t m t n- a n-~ fe n- f unu t i n n
t e  be e st ,r i u l i s iu rm d ui, ’~c r j b i r u q  the r- i ’ lat inn s h ip h ptw i -m ’ n I f m i ’  m — n m l n ~va nn t  s t  iunuu lus
d i u - mm ’ u us i o n  and t ime o rnjani sm ’ s behavior wi th concomuuii t , u n m t  k nowledge of the
unmIe r l y i r n u n  m ’ l m e t m - i i a l  , ‘ v , ’ m m t s .  To be a ble t o  obta in a l l  of t i u e se es t ima tes
in one e x u m i - n i n n e r m  t , r  1 paradi q unm is most u u n m m u ’ ; uu l
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O i l  r i l  , m m i i  Out . ,  t i n e  p ni mo ess is d e s c r i b e d  as s t - r u d y  ~ t, m i ,’
-
~~~ u -  - - i ’ u - - -  - n r u m ’ -  m c ’ ;  ‘ - u ’ i nm i j  sI iunul us is conut i  m uuo u s ly  i nm -i ’ sen to d , arnd

- j - n , - ‘ - - r ‘ he u c u r l  n ’ys l  eumu t n - m s  ‘‘ adapted ”  to a umu m nuber of other
- f ; ‘ ,

~~ - ‘~~~
r P  c o i h  io nms. Thi’ rmervou s sv t e ,nm w i l l , fo re or l i’s ’-,

I - ’ Ht - - • - ‘  
- - ‘ ‘ ‘ m m  i ’ s t  m i n ru l n m ’  - I ’ pendent po ten t ia ls  at  o cons m , uru t a mmm p l i H un t ’ ’

s ’  I ~~‘~~~- u ’-e - y s n ’  l~r ’ ’ - l  in - ‘ ‘ way to the st imunulus.  h u m  nueu rnphysio log ical
- -- i nn,) 1 ,’ r- ‘ tm u ,u I s rm ’ , min i of el ectr ’ i  cal events a r m - I  deter - mine the

~,i ~~~~‘- ‘ a ’ n -  o h f l u , ’ n o - m u n -o~n h i y s i o lo g i c a l  pa ra l l e l i smu ’  w i t h  tho s t i u umm u lu s .
c p u  - ic - - ru se ot  s t — a - I - ,- s t a t e , pattern evoked VER ’ s , the task is

s irnup i j b  m l  t - ,- ‘ ‘iv rout in e of f i n , -  s t iu u uu l us.

I’ - n , h- a ’ - j - ”d ‘ o a t  g rat ings  which teuuupor al ly a l t e rna te  in counter—
l,~ u- - as e nm”.- n - n s a l ) w h i l e  spa t ia l  frequency is held constant  pm’ imari ly

u t i- . r ’,e spatiall -i I n u r e - - I cells. Brightness is constant dill? to tempor al
i~m t oqr ’a r, i n  a n n- I  ca m lu r ve no e f f e c t .  If a su i table b io log ica l  sig nal which
is L mn ndn ’,- i d th -l i m nm ite d at the ten m npon -al alternation rate , is der ived by f il ter ing
~- --t hni ques , m e nu ’ m i ’ m y imaqi ’u ’- 4 that only events that a n n’ re la ted to spat ia l
va n - ib les are bei o n ;  ‘ so n - up led , s ince onl y the spat ia l  s t imulus paramete r- is
va c y in u ; .  I was t i mi ’ , t e c h n ique that was s u c c e s s f u l l y  u t i l i zed  in ‘ma n and
cat to es t i mn ote  behav io r - i l  contras t sens i t i v i t y  thresholds , and therefore
was propo sed fo r- misc w i t h  nuuonkey .

Es Ii moo I en of the t r- - m nsf er functi on (MTr ) of the n i e s u u c  mumonkey ey e
ex i s t ( l O )  together with est imat es  of the com nuhined perfor rnmance of reti na—br r inn
and eyeball optics. The latter take the forum of contrast sensitivity functions
obtai ri n - u l during aninm a l psychophysics exper i umuen t c (ll ) , It shom i l d prove
possible to correlate biolo g ical signals derived from the monkey visual cortex
wi tim thosi- Enr uw n behavioral and opti cal properties of the rhesus nionmkey
spatial visual system .

la ser e xpo c n u r - n -n below 11 m m- thres hold for tissue daunmage constitute a
special case of a mor e general para di gnm in visual science known as tr ann si ent
ada l- t ,m t ion. A rapid luuni irma nce chan ge perturbs the systeumm and adaj - t a t i on
c on s e - i n u m - rmt ly i b u , rnn m , ’ s  - Di f f o re nc e s  in spa t ia l  , chro um at ic . t i - un i t e r- a l and
!- i nocu i ln r  ri s ’ i l v i r m q powe r b , rve  been re ported. Perhaps th e  leas t  we l l
invest  i m J ~ u l i d  ch in e - n are ‘ hose which occur in the spa t ia l  achromnmat i  c armu l
spa t ia l  u: m uromatic systems .

B. ‘ lET UOD

A v - m r  ic ty  of spec ia l  pu rpose devices was nec e ssar y  in order - t ha t  a
s ; n ‘ m u m I s in usoidal  1 u n- m i r u , u r m u m ’  p a t t e r n  could be gener ated on a CRT ‘ ‘ face ’’
and tha t  ap p n o i un - i a f e  1800 l u iu ,m ’ ,e ‘,ni i f ts could he introduced pe r iodio~m l ly
and - i t  will
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A s i n nup l i f ~~-d CR1 - l i s p l a y  c y s t - m m was ( lmn ’ , j n i f l i ’ u l , I ni u i lt  - m u - I  c , r l i l i r  m m *-I .
A h i u l i m fm - m’ ~~n u u ’nmcy (tO 1 h z )  I m - i a n g u l nr w , m v m- w a s o i n~n l j r~- I Ic t iu r  v r ’ r t i , , m l i n p nu i
of a c u ui u v r n n t  ional o s c i l l o scope  f ri provide a “ m a c H r - i i t i - ” d i s p l a y .  “~~Euu-
l a t i n nu f  I hi ’ ’ o s c i l l o s c o p e  z — a x i s  w i t i m  -ì s inus o id  n u ts in -mn i l l un m u in ia n uce
d i s t r j l - n u t  ion whose i n t e n s i t y  v , i r i i - s  s i n u us o i u , u l l - y  across the m ’ x t ’ - r m t . - f  t n ~~
~ n J l n m ’  f a ce ,  T h ’  i- o umt ras t  of I hi- d isp lay  mmu ay be vari m- - I by ch ru no i ng  t n n ~- z — a x i s
i npu u t v ol t l u q e  ari d - r n m a l o q o u u s l y th i -  spa tial fc i ’ n~m ncmni ; y  ( nu nu nml nc ’ r  of s inus oids

- ‘ -n -  i l e j r o - e  of v isu a l  anu ’ i l e )  m n nay he va r ied by c t n onm g incj liii’ nnodu l a t io r u
1 ‘ - - t n u ” n u c ,’ . In n m c - In-r  to al t i - r n m , r t n -  str ipes in conm n ’ i - c i nh u as e  (180 U ;ina’ ,e

i m - ’~ersa l ) , - m spi ’ n : ia l  c i r c u i t  w a s  dev i s e d  so that , w i - - m n  tr i q g e n i ’ u I , phas e
- m u i r - m m ’ S ine W a- ,”- I o u c s t  s could be ge nerated at one of t -1() m i m as e an n ; les :
p i t i ie~’ n ’ a r p f , - t -m - nce  - lu ~u- ,e , wh i c h  we shal l  i t e s n m - i b e  as u lmos e  C . or at
1 80 u ‘,-ni th respect to t h e  re fem - m - nc e .  At requl ac i n t e r v a l s , hut a lways at
the  s t a r t  of an osc i l l o scope  ‘ ;wm ’ep,  a phase re -io u- s a l is introduced. A
reversal  f c m - - ; m n e n m n - y  of 8 or 16 l iZ  mmiay be se lec te d . i-- Id i t ional c i r cu i t r y
mma ~ m’ n i t  poss ib l e  to nm ma i ntain constant  s pace averaged l m u n m i n a n c e  ( l n u n m i m u o n c e
i n n t e n ; c , n t e d  oven - the t a r g e t  area)  wh i l e  cont ras t  is var ied .  (See Appendix 11— l i ) .

-eu n mtra c ts wem ” eva lua ted  by u-- e ons of a m icrophoto ummet r ’n - - A squat -c
n-;o v e was used 1 m m  m n iodu la tm- the z - a x i s  of the d isp lay  in order to asce r ta in
t m ue i r it i-nsi t j  es u n f  the nuax imn ia and m ini m- m o of the 1 unmin ance r ) r - ( i f i  le . It can

-i -  ~~~~~~ t n - -u t n - -I m hat that procedure g ives values equi v- ulent to t i mose obtained
fr oun nh m cc t . measur e unmen t of sine wa ve peak and t rough in t e nusi  t ies .  The
t o s s  i hil i t m y of saunnpl i ng errors due to the use ef a f ixed spat ia l  sampli rig
aper’tur e is t~ hui s avoided. Avecom i e 1 unui nance was eval ia tied with a tele—
p 1u ( m tonum e f o r  and was uura I nta inc- I at a 1 ft l i -vo l  . Due to the va n abi l i t  -i in
1 ennui nno n us  output of the a v a i l a b l e  osc i l l oscope  ari d t o  t ic ea- ; e of d isturbing
cont rd s m - tm t i  ngc , a “ spot” check of inumpor - ta nt p a r a m u - t e r s  was c - m m - r i  ed out
before each e x t - u - r i  son Im,m i run -

Si n t c-c,’d si ly e n/ s  I l ve r  ch lo r ide  sur face e l e c t r o d e s  wet -c u i n i i l  ied t o  t i n - ’
scalp of an o lnsm ’ r v p r  fol lowi c - i  the u u - -;ua l cle a ns ing -un i t decorn i I i c mmn t i  on
t rio - u ’du jrn- ; - Seventy  percent nnmethanol was used to nermuove sur face oi l  and
t is sue - l i - t un i s .  E l ec t rodes  w e re a f f i x e d  over the inion amid 2. 5 cnn l i t e ra l
t o  t 1 u - i  I p l a cc n ’ mr - um t - A refe rence e l m - c t m r’ode was a t tached to an ear -  lobe.
Elec t m -u m r ies  wer e held in p lace by a conumenical adhes ive tab r-out inely mused
f n ~ ~bu a t puintose - A s tandard e lec t ro l y te  paste was r ippl i  ed to the scalp-
el mnc tn n u-Im ~ i rm te r f nuce.

D if f i - r p n t i , n l ru ummp i i f i c a t i o u ì  n- i r s  mu ’ , l ’ n i  throunj i m o u t .  A - ;a in  of l x l O 7  t~
1 ‘-1 Q

IC was necessary si null’ the re le — ia! m I bi ol og i cal s i goal is appn -oxi noatel y
0. 1 f i n  1 — V , whereas the s i g n a l  process m mii uni I~ requi res pea k v o l t  o u t - - c  c lose
t i m ‘5 -J I n n  ach ieve f n m l l  d i q i t r i  resolut ion.  Da t , m were tape rmm - mo n el n - d on ti-
I. u ; - o  a lo r q w i t h  sui ta f ule syn chronii~r I  ion s i u m n n a l s  t i m ,  l r t n ’ r  p rocess i n m u i .

or - - l i - - I  da t - i  won-i’ narrow t m r r m n l  f i lte r - u - u i  mt lb liz by nmm e a r ns of a band—
i ’ m - s  f i l t e r  ( n - r n  f o r m - — I  to ap t n u n i ’  r e s i on u - en re l~~t r ’ i I  to t he s t  immm ulu s u u u u m n u t p n —
f m h m - msm ’ nl t m - r o o t  m u m  f r i - I u u , ’ i m n  y m f  8 l iz. I I. should be nioH- l I h u n t  an a]  H - r n u - n t i o n
f n -r - i m u m r u y of 16 Hz ac t  m m m l  ly c m i r re c ponm - l -  1 m m  t n- n ice t i m u t  m m l i ’ s ince the ci inumulu -

buoru qos phase at 1/2 c y mnl i ’  i n te r v a l s .  This I n - m - - t n u m ’ncy w , r s chosen hm c , i uu - - r’ it
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is we l l  rho ’ - t I m m ’  ba red of f req nu ’ n m c  ii’s ch an an :l ‘- ri s t i c of r ’ mo f , u i , mu m u nu - , b r - u  in
, mc f i v i m v (r ? ’ ; p - ( i a l l - y  a l p ha  rf iy t hm m m n ) ,r rurl t i n , -  r esu i l tan t  f i l t e n  i - r I  vi,u~~- - f - ,i - nmm
w a s  f o u j u m I to  t ie , n t n u i n - n m x in l a t , l y  s inuso ida l  in for u m , A l t ’ - n - n m o t  1cm m m  lu ’ ’
s u b s t a n t i a l l y  hiq i ui -c  ca us e m o u n m - s i r um us o i r i a l  d a ta  to Ime r , - s r u n d r ’ u I , w f n i ] e
d on- -n ra t  vs p r i m - I c c -  da ta  that ar - c c o o t - mu nmi nated by t he  s pon ta nemn i us  ,°-  ~- t n nu T nS
of  I n - ~ b r - n  i n -

A ‘ u l t i ’ r -  - n t  B m l t t ’rwo r tmh des i gn n - i th 12 dh I n n - o c t a v m -  ‘‘ s k i r t s ’ n-ni ’ ,
f n i u m i c a t m ’ - i  for t his p m u c ; - - i s e .  b iun -  q a i m u  of the t i  h r-c was such t h a t  the

-1 , - i an - mi  c m - an u qc of t h e  -n m o n n ’ t  ic tape unit could him boost _ o i l  t n  t l n ’-
r P n i umi  cm- - i  l ’ .u ’l -

hous~ ni  ri - , ; u n u n m - ,u’s I i  a s ine wav e ’  sI i u n n u lmu s w e - i n ’  ‘m v i - n ’ - u - ; ’ ’ - I i - y  
-n-ru t i -c a l  ;- ~ 

un ,‘ d m n r e s  - A var i e ty  of s t i u n i u l  i n - u i - m e pm - m ’ s ’ ’ n t  r u t  co- ju - ni nn i
tm ni’ c - mn ’ - - i s f  r u n - I ’ -  o f  I n t m ’ r m ’ s t  urn we l l  as two hasel inc coin - l i  t h ins - In one

n o r m - t i  ‘ io n  -i , m ’ ,r -won - c ( u t ’ t m j n n p n l  w i t h  t_ he sub j e c t ’ s eyes c losed a m ud the
oc c i 1 lo sco ; - - oc cl nu ite d. In a noth i - r  cond i t ion the s u b j e c t  v im- n - i ’ d a g 1 u mn- ~- i ng.
I - u pa ’ H’ -r ’ l i - ’ ,s , oscilloscope. Time fo m nn ic r assesses the mag nit ude of s i-ect r o l
comn ’ p o ’ n - - n u ’ - , ‘ n - -un - i  b r - m i n i  m r n - ,0 im i n is o I l - -c t han those of j n tn ’ r es t .  The l at t  i’r

‘i i n - t i n m i t  io r m of a nu - y e f f e c t , due to d i f t n u s e  f i e ld  lunmii nanoe inter-
‘ ,i : t  I -

Ba ’ u W i - i ’ ’ co l l ec t e - - t  f i m m n u on eunimetrop ic obser --i n-~ r w i th no tu ira I pupi 1 5
un tin f n i - ’ m vi owi rig condi t I ur is . The onl y instruct ions to the S ii tn .j cut  wer e
to “ r-” l ,m x ’ (

~ is proces s n m - - I nu c i ’ s the l i ke l i hood  of recording unwanted nunu sc le
m e t  i - i l ~n- t l f a c t s )  and In n “ look a t ”  the d isplay screen. No sped f ic

iri s t r m c  t i on i s  were given m ’ mnj, m m m l i ng eve f i xa t i on .

C. PESI JLT S liNt) DISCUSS h i s

F igur e i l — i  is a qc a p hica l n- m? pc es ent a ti onu of t he d a t a  co l l m ’ m t r -d  for
t,-nn s n - u  ti a 1 f r -  m r r u n i es . As is frequen t]y t I m , -  case in s onmsun ry  sys t i c - - --

oa r , n ur m ~u l at~ ni b ni j tm ( mu crovol ts of v isua l  evo~ ri m - ’ ’ -m pons e)  is propn m--
t i n e - i l f o  the loq an i th in r m of st imiuu l us i n t e n s i t y  ( b- ’ i c l m e lson c n u n t n a s t ) .  A
i i  ‘ n - - mr  regres - ,ion u-n_ i s i n o m -fo rn red for each of the lw ito t o so t . s - Coef f i  c i emi ts
ni ’ rie te ’ nin i - r t ion of Q , Oi) an n l 0. 90 n-ne re f o m u mur l  for ’ s t i unnu lus  i u - n m d j l  ioni c of
1 5 Hz/ dr- mg and 5 hlz /de q (v i sua l  an g le )  r- e ’ - p m ’ c t i v ’ l y .  Hi s n- m ’ l a t i o u i s h i p
u m ’ pl icc  t h a t . a reuuma n -~ ab le o n n n n m n m m t  of the  v , mni , nr mce i n u Hum ’ rnneasured attr - ih ut e

nimoy in” acco u nt c - I  for n y  changes in the i nrie pe nuie ru t v,m n - i ,m nh le - [ - <t rapo l u  t ion
of • fi t t  ‘m l h um ” throug h t he absc issa  has been i n ri ’V in n u sly shown ti n give

mn e s t i m a te of the  con t r a s t  value n u n ’ u n ’ s s n m ry t o  jus t se e a u n - n t  i nun i L) .
T i m ’ ’ , , -  is a cI  u - m n j  i- ~nm ’ ruuJ i- nc y I mm tn-n , - i’rm I hi ’ ’ den i v m ’ u i  ~ihy s io l o g i d - a l  m m i t m ’ u t  i n  I
arid behaviora l n-st iu umat ’ ’ ’~ ‘ u t u n u n u t  r- - n - , t sens i  I i v i t ’ ~- . Fun- in lb l I / / n h - u i  sm i nru ul us ,
t m , ’  (- ‘, t inm na te d threshold co n t rast  was 0.115 m i t  s im nmi la r ly  fur , m 5 l l : / n l m - q
I - m r - u - I  , t in”  —j o h iu n -  .- n - us 0 .0075. Thin’- , , vin im u”, c lear l y ind icate a less r- r

- sens i t i vi t -i of t he  spa t ial v l s i - i l  n e rvnumm s ~-y- ,t m mml tn l m m m i lo’ r - ed r t i , m l
fneque ncies . The m u I r  l i me d vol un ’ S - m n ’ -  we l l  w i t  b i n  time range nt k nown
i ui - b u , i v ioi - ,u l threshold  v m m l m u , ’ c  fo r ’ t )ui jotc of this l uru n in , nuu m m- arid s iz e  ,unnl
for  t IneSe p n u t  a t  ion c o n - l i  t ions t  i ) )  

-
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I’ - - - ‘ m is ri’ ’ , n m n, r~’ 11 n ’ ’ vism u - r l i; oct ’ - - ,- u i i i n  i t s  h i - i l l - 1’ s l ur- ’ ,uljzed
I - i ’ m  p r i m i ’ s s i n i g  c a i , n t u i  li ’ in - c  is h igh ly  , u c f i v a t ’ - - l  by t i n u -  ‘rtt ” c nu s t i m m n m u h i

nu ~~r ’ u l  a ’ , t - n r - - i ’ ’’s A umse able su g ’m - ml 01 b io log ical  on i’ m i m n  can m h r ’ ’trar t r m d
(I ‘ ‘ n - i t  ‘ -  s i~ n t  n i l  vi suia l f ’ n m m I  ion I rig - 1 hm m Om’l I m ni n if i  logy ei mup iin ’ y ’ d m m - I s a
--Y r -~ - m m m n t j t - m t i v , ’  i- -is” . H um ’ i nn m i m le u muen m t , n t j o n  if m o r n ’  so~- l u i s t i c a ’ u- r I  s i e c t r a l

- n ’ n , m l v s i s  ~ - - m m u i 1 n ; - s  w n u u l - t , of d O O u 5 ( , help n ; l a r i f ’ ,- I - 
‘ m n n e a s r u n - ’ m ; ; ’ ’ nt i - r i u h l e m .

I I c ’ n ’ un u ~ - I hr n o t c d  t i m u f  en I mJ i~
c - u ’ m n t  l i umu j ’ - u ’ ions .-, ‘ i l - I  ‘ n - - - ’ l m ’ m nnm it  e s t i r n u a t j c m n m

‘ m l  ‘ i n ’ n i - i - h f ’ 1’ and i- n n l i ab i l i t y  w i t h  -,-i1n icii m u ’ - ,n sm j c’-s ui -mid ui’ - O - I a i m ” ; - d  no,’
wa s i t  poss i b l e  to i n v e s t u q m t c  a r id ob ta in  op t ima l el c ’ m ’ ~ I’- p bac em n onm t.

Th” n m - m rr rm n-n b ,m n ’ l  f l I n c i r u g p roce s s  ic r-ui is o n l y  m em o o~ s e - i - c a l  p m - o u u ’ s s es
t h a i  u n - m y  lie m j ’ ;e ni tn u ‘ - t m - mn f s i g n - u i  fm nun -u  no ise , A s s . c , H beh aves in a
fash ion analogous tum a comb fi 1 ten - . T he f re q m n ’ -n u ’ . / o I r u t - u - - i - S t  ~S 

m n m m t a i  ned
i n  a rm a nu - - nw I u e n 4 n n i’ nun:y band w-l m i cim p i s s e d  t i n m n n u n l m t. i n i- n i t  en - A l 1 et iu o r
fn - m ’ q : u n - n c ies , -,-,uic ’th~~r b io log ical in o m — ig in or o t i m m ’ t ml se , nn s u -y he t i n o n i u n t u t  of
(iS ‘ m u u m ise ’’ . ou uc i i ’ r  ana lys is  nimoy be thought of as n _ m i ,  nu t i  ne the uu l ~i u n a t .e
case of ~m courub f i  l t m ’ r ~_ [ inch freq n u” n m y in t Ime s f i e m I i - m a ui nr m ,i j he ( I rma 1,-z ed in
t ot al i s o l a t i o n  f m e ,  irm-i other f r e g u n- im e ,. P- v an alog- i , a f il f o r  u n - n u n o r i - d
a t  e x - r c t l y  ‘hi? f n o i i n n m ’ n n r y  of jot -res t , and m - x o c l _ ly 1 Hz w i - i n -  w i t h  i ru f i n i t e
r e j e c t  i i n n  of m u n n w , u n t i - d  fn - i -m i u u ’ n n ies is cea l i . ’ - m I le.  As ‘.-- ~m m , l d  be p r e l i n  t e n t  for
the Fou m- ii - r ,m n ai vsis of -u sinusoid b u r i e d  i n n  hand 1 m i n I  t i - I no ise ,  a 11 no
Sp’_’m: tr uu nu was sr ’ cnm at the a l t e rna t i on  f requency o n u~l s uu n i  f i c - u n t h y  l n in- ,- ’ - n
spec t ra l CO m p m m r u e n l t 5 -  - - i r- i - t seen m nl ~ c-n-uI eno. Inn qeruen - -il , t he anup i i tude n f the
spec t ra l data l i n e  waS l a m - - ~e for h i gh contrast  st iuu u u l i  u ni t ~n nnuu l l i - r  tn - n  lou-n
co nut  e m s  t St inniul I , -‘nut i ru all cases was orders of n - n a - mim i  tude l a c i e r  t~ ca n [[C
noise ( n-mn ne nne rutS such as f lue a lpha rhythunn . Th is  anal y s i s  t i ’chni que hal ds
n il-no t p m uonii cc for i so lo  t i nq coot m s t  spec if in c n n i u po! i eu m I S cu f e v o k e d  bra i m u
inc f l y  i t  -y - i !id should -i f f n n ’ l  bet Inn noise reduc ti on t~h1~I n u techni ques  n-uh m oc e
spect r a l  resolv ing en-nor is based on broader t i,m n m n I wi dt hs.

1 1 — 7
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APPENDIX 11-A

COUNTERPHASE GRATING STIMULATOR

A spec i al purpose circu i t was constructe d to i nterface wi th a cathode
ray tu be di sp la y i n or der tha t  counter phase spa t i a l  s inuso i dal gra t i n gs
coul d be di spla yed and a wid e ran ge of experimenta l parameters adjusted
a t will.

Pri~~~pje_p Qp~~ation

A pulse generator serves as the master ti me base for the system and
is initially set to provide a 1 KHz repetition rate. The pulses serve
to trigger two devices, an in tegrator (ramp generator) and a binary
ri pple counter. The former serves to drive the x-axis of the disp lay. The
l a t t e r  determ i nes the num ber of swee p re pet iti ons generate d before a phase
chan ge is initiated. A binary thrumbwhee l switch selects a subm ultiple of
the base fre q uency from the master time base after di vi si on by the ri pp le
counter . In th i s fash i on , n , n/2, n/4, n/8, n/16 , . . . ,  N rates are obta i na b le ,
where n = the base rate and N = n/2x = division by powers of two. The
ex treme ran ge o f possib le rate di vision coupled with a precise but var i able
tim e base offer unusua l flexi b ilit y in control of grat i ng alternat i on
freq uencies.

The outp ut of the rip ple counter is a lo gic level that mus t be scale d
to achieve +1 volts when asserted and -l vo l ts when false. An operational
amplifier (labeled ~caler” in Figure ll -A- l ) performs that function.

The critica l element in this system is an analog multiplier (labeled
ln u ltip l ier in Fi yure il-I-i) . In this application , a phase coherent
sinusoi d deri ved by triggering a Wavetek model 116 oscillator from the
maste r time base is multiplied by either +1 or -l by the mult iplier. A
sinusoid when cross multiplied by +1 volts will result in an unchanged
multiplicand , whereas a -l volt mult iplier will result in a 180° phase
sh i ft of the multi plicand .

Ma ny display oscilloscopes change the dc level at which the z— axis
input opera tes as increasing frequencies are applied. Since the modulating
si gnal arising from the multiplier circu it must be appl i ed to the z— axis ,
a brightness adjustment circui t has been provided. Any change in l uminance
tha t i s fre quency de pen dent may be n u l l e d  by su i t a b le mani pu l a t i o n  of the
brigh tness control circuit.

The ramp generating circuitry is somewhat unique and deserves further
coninent. The circuit is an operational amplifier based integrator. In
the absence of an in put , FET trans istor (3N141) behaves as a closed swi tch

114 1
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I

and the integrator capacitors are shorted; therefore, no integrati on will
occur. Upon gating by the inverting amplifier (see Figure 11-A-i), the
feedback capacitor is free to charge and i ntegration begins at a ra te
determined by R2 and C , such that the inte grators bandpass frequency =

1/2 nRC . By changing the capacitor of i ntegration (switch selectable) a
different bandpass may be obtained. When the gate signal is removed , the
transistor switch closes , the capacitor is discharged and the integra tor
i s reset . Th i s process occurs once per “tick~ of the master time base .

~~qpence of Events

The master time base/ripple counter combination determines the number
of oscillosco pe sweeps dur i ng wh i ch the spatial sine wave pattern is presented
at a reference phase of 00. For most app lica tions , a 1 KHz time base rate
is selected and a counter rate of 64 counts is thumbwheel swi tch selected.
After 64 counts of 1 msec , the phase of the grat i ng is reversed to phase
1800 wit h respect to reference phase by means of the multi pl i er circu i t
p rev iousl y describ e d. Since 1/64 msec = 1 5.625 Hz , the selecte d rate will
produce a reversal rate of approximatel y 16 Hz. Obviously, a thumbwheel
selected division of 128 and a 1 KHz time base rate will double the time
allote d and resul t in a 1/128 msec = 7.8125 Hz rate .

The y-ax is of the display must be supplied with a high frequency
trian gular waveform in order that the dis play ’s “face” appears to be
flooded and to glow uniformly.

The tim ing circuitry provided may be bypassed by means of the calibrate
swi tch and the display will not change phase. The fi xed sine wave pattern
may then be cali brated by standar d photometric means .

I
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CHAPTER 12

PHYSIOLOGICAL OPTICS

J . Terry Yates and Fred M. Loxsom*

A . INTRODUCTION

Any complete understan din g of the spatial v i sual process must i nclu de
esti ma tes of the i nfluence of the di optric apparatus on image processin g.
Perha ps the best estima tes of the eye ’ s dioptrics are obtained from appl i-
cat ion of methodolo gies deri ved from Fourier optics. Modern procedures
began with Lambert , Hi gg ins and Wolfe , who used a th i n l uminous line as an
object and photoelectrically evaluated its image (l). That image was
degraded i n shar pness into a smooth l uminance distr ib ution termed the
l inespread function. The magnitudes of the Fourier transformation of the
l i nes pread function p rov id e information about the processing of contrast
info rmation by the system . The result is an optical modulation transfer
functjon (MTF). The linespread and the MTF are Fourier transforms of each
other~.2-4). The l i nespre~d methodology has been applied to the huma n eye(5),
cat eye(6) and monkey eye’]). In most cases , the reflecte d fundal ima ge
was broader than would be predicte d if the onl y infl uence on image qualit y
were diffraction effects from the bending of rays as they traversed the
eyeball ’ s pupil . The source of further degradation was thought to be due
to chromatic and spherical aberration .

It has been known for some time that the eye is substantially aberrant
wi th respect to v i sib le wavelengths , being myopic fo r “blue ” ligh t , hyperopic
for “red” light andi n focus for mi dspectra l hues. It is remarkable that
the accommoda tive apparatus attempts to cope dynamically with the three
diopter change of focus requi red to keep images at the spectra l extremes
i n focus . That such chromat i c dif ferences are apparen t can be seen by
the fact that subjective (psychophysical) and objective (electro-optical)
evaluat ions of human chromatic aberrati9n are in good agreement , a fact
that has only recently been appreciated ’~

8) .

Since so much emphasis has been placed on retinal thresholds for
laser damage for data ob tained from the cyclo plegic , mydriatic eye of the
rhesus monkey , it is desirable , if not necessary , to ob tain estima tes of
the change in focus in that eye as the wavelength is varied. The rhesus
eye is remarkably similar to the eye of human when suitable estimates of
ocular size (and the resultin g dioptr ic differences) are considered (7).
In general , the same sorts of focus errors seen in the human eye would be
expected; only quantitative differences would occur.

~~~~~~~ Scf~~ F~ii,,dation Faculty Research Partici pant , Sumer 1976.
Permanent address: Department of Physics , Trini ty Universit y, San Anton io ,
Texas, 78284.
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I
Mos t e ffo rts to measure chroma tic focus i ng errors in the human have

employed subjective methods, usuall y those i n wh i ch some estima te of the
quali ty of focus of a chromat i c target i s made by an observer (9). A l thou gh
such procedures are plausi ble wi th primates , the elaborate traini ng and
laborious testing involve d would have been prohibitive . Instead , the
objective method of photoelectric scanning of a fundal image was selected.
A design c~ange was requi red so that the apparatus previously used by yates(~

)
and others ’.S) to invest i gate ima ging of wh it e light i n the p rimate eye
could be used for this purpose. In the traditional apparatus , a br i ght ,
narrow , l uminous slit is brought to focus on the retina , an d an image
reflected from the fundus is captured by a photomulti pli er after i t is
swept by a sampl i ng slit . When li ghts other than a “wh i~ e’ source are to
be used , the apparatus must be modified.

B. APPARATUS

The req uired apparatus i nclu des a con tinuousl y var i ab l e dio ptric
correcting device that is common to both the entrance and exit paths of the
optic fundus (see Appendix 12-A). Lenses Ll and L2 in Fi gure 12—1 comprise
the basic correctin g device . Lens Ll can be moved by a preci se micrometer
screw w i th respect to lens L2 i n order to prov i de a ran ge of diopt ri c
powers between +1 and -l diopters . A 1 mm movement of lens Ll corresponds
to 0.05 diopters. Therefore, the system resolution is cons i dera bly better
than that used by most refract i on i sts . A standa rd trial lens set , for
example , has as i ts smalles t increment a 0.125 d i opter lens . Lens L3
serves as a “ range -change ” device to bring the system under examination
wi thin range of the mo re refined correcto r composed of lenses Ll and L2.
The extent to which the measurement system itself is chromatically aberrant
was unknown and was therefore calibra ted . A high quality , first-surface
mi rror was substi tuted for the ocular fundus and wavelen gths between 400 an d
700 nm were tested. The source was a 1 50 W xenon arc w i th narrow ban d
(~.l0 nm half -bandwidth) interference fi l ters interposed. Good agreement
was found between the calculate d curves and those predicte d from geometri c
optics (simple thin-lens formulae).

C. EXPERIMENTAL PROCEDURES

Severa l days before experi mentation , an ima l subjects were keratornetered
so tha t good contact lens fits coul d be obtaine d . The apparatus was
constraine d to examine only left eyes due to the interposition of a fundus
camera- pel licle system (see below). Animals were selected for evaluation
if they were free from corneal defects and if a contact lens was available
that fit within +0.02 nm (radius of base curve). Severe image distortion
has been found to result from lenses that deviate from these tolerances .

On the day of an experiment , the appropriate anima l was pre-anesthetically
tranquilized with ket.amine hydrochloride . An indwell ing catheter was inserted
in the saphenous vein of the right hindlimb and an anesthetic dose of sodi um
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pentobarbital was administered. Anesthesia was maintained at a deep
surg ical level by cont i nuous i nfus i on of 6 mg/kg/hr of supp lemental
pentobarbital. Pre—anes thetic atropine sulfate provided some mydriasis
and cyclople gia . To i nsure that complete i ntrinsic muscl e pa ral ysis was
obta i ned , cyclopentophthlate (2%) was double instilled into the conjunctival
sac. In addit ion , l0~ phenylephrine hydrochloride was administered to
produce maxima l mydriasis. Additional instillation of the latter two
agents was carried out as needed.

After inser tion of a ble pharostat , the app ropr i ate contac t lens was
put in place over the freshly irrigated cornea. The irri gant was norma l
saline. The previously mentioned corneal surface measurements yielded
good contact lens fi ts , and clear , undis torted “eye grounds ” were alwa ys
present even after 12 hours of experimentation. Conventional streak
retinosco py was carried out for the vertical axis (the axis of the target
sl it). Estimates were attempted for an accurancy of +0.125 diopters .
A cross check of the refraction by optometrists revealed no discrepancies
of more than 0.25 diopte rs between refractionists . Any severe errors would ,
of course , have been reveale d in the process of experi mentat i on . The
appa ratus used may be regarded as a high-resolution , static retinoscope.

The anesthetized animal had a rectal thermistor probe used in combi-
nation wi th a wat er j acket to maintain core temperature at 38.5°C. The
an imal was posi tione d in a standar d monkey mount , the target beam was
crudely aligned with respect to the cornea and the fundus camera was
inter posed. After su i tab le mani pulation , the fundus was visual i zed an d
the target beam was positioned over the center of the macula lutea ,
usuall y over the fovea centralis. On severa l occasions , the accuracy of
the placements were veriTf~ 1 by experienced observers .

The procedures previously described by yates (7) were used to ali gn
the photomultiplier. A suitable current-to-voltage device was built to
read the anode current of the photoe1c~ctric scanner . A 100 urn sl i t was
positioned in fron t of the detec tor to sam p le the reflected chroma tic
source i mage , wh ich was that of a 50 i’m slit. Both slits were obtained
from a hi gh quality monochromator. Ten wavelengths at ~33 nm intervals
in the range from 400 to 700 nm were available for test purposes . Since
the p ri ma te fundus is a di ffuse refl ector of low efficien cy, an d since
the electronic system available was noisy , some wa velen gths req u i red
signal averaging . The spectral extremes proved most troublesome in this
regard . Data were FM tape recorded at a sui table bandwidth (usually ten
times the h i ghest frequency of i nterest) for later anal ysis . The absence
of an on-line data reduction device necessita ted excessive bracketing of
experimental values .
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D. RE SULTS

Taped data were dig itized , signal-avera ged , normalized , plotted , and
occas ionally smoothed (three point quadratic fit) using methods described
previously by Yates an d Hardi ng’]). Widths of linespread functions at half
amplitude were obtained and comprise the major portion of the data discussed
below . It was foun d after some of the data had been anal yzed that the area
under the spread function obtained by simple numerica l integration was a
more simple but equivalent artifi ce. The location of the narrowest (i.e.,
best focused) spread function for any particular wavelength was simplified
when it was di scovered that curves of regular sha pe were obtai ned when
the full wi dth at half amp l i tude or the inte grated area of th e spread
funct ion was plotted vs. correcting power (see Fi gure 12-2).

Figure 12—3 is a plot of composite data for three animals. Several
aspects of these data shoul d be no ted. Fi rst , there i s remar kab le s imi lar i ty
between the rhesus mon key data and data obtaine d un der si milar con d i tions
for the human (see F i gure 12-4), demonstratin g that the monke y i s indee d
chroma tically aberrant in the same fashion as human. For all wa velengths
tested , however , the mon key showed more severe focus i ng errors than did
human. They were , as pred i cted , more blue myopic and more red hyperopic
than the ir homanid counterparts . It may be inferred that the shorter focal
len gth optical system ol rhesus monkey results in this general chromatic
aberration trend . Construction of an improved schematic eye for the rhesus
should clarify the role of the various dioptric components of the system .

The observat i on has been made for other lens systems that much of the
c h roma ti c blurring is due to edge rays rather than central rays . Attempts
to use artificial pupils to elucidate the magnitudes of such effects were
not productive owi ng to the detector sensi tiv i ty problem alrea dy menti oned.

It should be noted that during the period when these data were being
coll ected , an evalua t ion of the chromatic aberration in a single human
fundus was evaluated ’.8). Subjective measures and the objecti ve measure used
here compare qu i te favorabl y. The uti li ty of the p rocedure has thus been
greatly reinforced.

It is concluded that the technique discussed above represents a sensi-
tive and moderately simple method for in vivo evaluation of chromatic images.
Further , the similarity between macaque and human eye has been better elabor-
ated for a new dimens ion . It has also been demonstrated that any attempt to
produce chromatic fundal images for any of a variety of purposes must take
i nto consi derat i on the substantial , longitud inal ch romat i c focusin g error
tha t the rhesus monkey eye possesses .

Finally, these data only hold for situations in which relaxed accorno-
dation is known to exist. In the human, near point accomodation produces
a different profile of chromatic aberration than that seen for the cyclo-
plegic eye.
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A PPEN PI X 12-A

I

F igure 12—A —I schema t i cal ly represents the c int i  t 1UOO S di optr i  c corrector.

Lens Li has an object distance of:

0.81 — X meters .

The resultant image distance is:
F 1 S.S 1 = 
~~

—
~~~

- , where f 1 focal length of Li.

The object distance for L2 follows thus:

0.06 + X - S 1 ’ .

The image distance becomes :

S2
1 = 

~-4~- , where f2 = focal length of L2.

The distance of the resultant image from the eye is then:

Se 0.13 - S2
1 .

and the corrective powe r of the two-lens system is given by:

To account for the chromatic aberration of the lenses used , a correction

factor (z ) was employed for each wavelength such that :

p ’ = p( 1+z),

where z was experimentally fitted for each wavelength .
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